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ABSTRACT 
 
Karst and fractured rock aquifers are primary sources of drinking water in the 
Appalachian region, even though most are inherently susceptible to surface-derived 
contamination.  Many of the obstacles to water supply protection in such systems could 
be alleviated through the use of tracer testing to delineate recharge areas and surface-
to-groundwater connections.  Tracer testing is currently under-utilized, however, due to 
public safety concerns and ambivalence on the part of regulatory agencies.  This study 
aimed to address this issue through a characterization of the fluorescent properties of 
typical carbonate aquifers for the purpose of refining the timing and design of low-
concentration dye tracer tests. 
 
The subjects of this study were community water supply wells and springs in the Valley 
and Ridge Province of East Tennessee.  Although each source exhibited a different 
degree of contamination potential, background fluorescence could primarily be 
attributed to natural dissolved organic matter (DOM) rather than manmade fluorophores.  
Seasonal data were collected for 23 groundwater sources during a multi-year drought 
(2006-2007). Untreated water samples were analyzed via fluorescence spectroscopy to 
identify spatial and temporal variations in the fluorescent properties of high-risk and low-
risk water supply sources.  Fluorescence exhibited seasonal patterns and fluctuations in 
DOM quality relative to rain events.  Fulvic acid-like spectra were detected most 
consistently in all sources and exhibited maximum fluorescent intensity in the winter 
months.  Humic acid-type fluorescence appeared in springs and high-risk wells only 
        v 
after major rainfall.  For all sources, DOM spectra gradually shifted towards lower 
molecular weight fluorophores, which was interpreted as a reflection of diminishing 
humification and increasing generation of proteins with warmer weather and drier 
conditions.  Variations in fluorophore composition and concentration were generally 
more pronounced in springs and moderate- to high-risk wells than in low-risk wells, 
although all sources exhibited some unique characteristics. 
 
The results indicate that extended background fluorescence characterization could 
enhance the design of tracer tests and sampling strategies for waterborne contaminants 
such as cyanotoxins, VOCs, and microbial pathogens.  This study also highlights the 
potential benefits of monitoring DOM fluorescence as a natural tracer for source water 
and wellhead protection.  
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CHAPTER I 
INTRODUCTION 
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Tracers for Drinking Water Protection 
 
Water tracers can be used to track fluxes through watersheds, and to identify 
connections between surface water and groundwater in heterogeneous carbonate and 
fractured rock aquifers (Davis et al., 1985; Quinlan, 1989).  In the protection and 
management of drinking water supplies, tracing is a tool for delineating source areas, 
understanding recharge processes, and modeling nutrient, sediment, and contaminant 
transport through groundwater systems (Smart et al., 1976; Malcolm, 1990; McKay et 
al., 1997).   
 
Tracing is accomplished by monitoring the temporal and spatial variability of introduced 
or environmental parameters with respect to natural cycles and anthropogenic 
influences (Burns et al., 2003; Anderson, 2005; Karmann et al., 2007).  Some 
techniques involve the introduction of artificial tracers (fluorescent dyes, concentrated 
salts, microspheres, radioactive materials, etc.) into streams and aquifers (Harvey, 
1997; Kass, 1998).  The most commonly used tracers in karst terrains are the 
fluorobenzoic acid dyes, consisting of hydrophilic (highly soluble), carboxylic functional 
groups (-COOH) attached to a xanthene nucleus (Kass, 1998; Flury, 2003).  Dyes 
considered safe for water tracing include uranine/sodium fluorescein (CI 45350), eosin 
(CI 45380), and sulforhodamine B (CI 45100).  These dyes are mobile in a variety of 
geochemical environments and fluoresce in the range of visible light (380 to 760 nm).  
The preferred dyes can be detected visually at concentrations from 10 – 100 μg/l (Smart 
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& Laidlaw, 1976; Aley, 1999), and with luminescence spectrometry at concentrations as 
low as 2 parts per trillion (0.002 μg/l; Kass, 1998).   
  
Fluorescent tracer dyes are among the most intensely fluorescent substances known, 
and have been used in hydrogeologic investigations for over 100 years.  At very low 
concentrations, however, background fluorescence from natural or anthropogenic 
sources can interfere with dye detection (Kass, 1998; Aley, 1999).  Changing conditions 
along the flowpath such as dilution, mixing, dead zones, different geochemical 
environments, and extreme recharge events can also influence dye recoveries.  
Consequently, tracer tests may require the injection of excessive quantities of dye into 
sinking streams, caves and swallets.   
 
The risk of causing artificial coloration in streams and tap water due to the addition of 
dye traces makes utilities and regulatory agencies reluctant to permit dye tracing in 
source water catchments, even as part of hydrogeologic investigations (Behrens et al., 
2001; Moss, 2006).  Most tracer dyes approved for use in potable water systems impart 
minimal ecological toxicity at low (mg – μg/L) concentrations (Smart and Laidlaw, 1976; 
Smart, 1984; Field et al., 1995; McCarthy et. al., 2000).  However, elevated and 
possibly hazardous dye concentrations can occur at or near the injection point, 
potentially exposing sensitive aquatic species as well as human consumers.  The 
resulting security and public relations concerns have effectively limited dye tracer 
testing as an investigative tool for the delineation of Wellhead and Source Water 
Protection Areas.   
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An alternative approach to water tracing involves the use of natural environmental 
tracers already present in aquatic systems.  The hydrochemical evolution of stable 
isotopes, dissolved organic carbon (DOC), and metal ions are known indicators of some 
of the cyclic processes and key mechanisms operating within the environment.  
Variations in fluorescent dissolved organic matter (DOM) have also been shown to 
reflect seasonal and compositional trends related to source and age (Smart et al., 1976; 
Frimmel, 1990; Malcolm, 1990; Coble, 1996; Kalbitz et al., 2001).  In the ecological 
community, a body of literature has grown around the use of fluorescent DOM to trace 
wastewater effluent, DOM humification, and biogeochemical evolution (Baker and 
Genty, 1999; Baker and Lamont-Black, 2001; Baker and Spencer, 2004).  The intent of 
the following study was to lay a foundation for the detailed correlation of fluorescence 
properties with water source and watershed characterization parameters.    
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Purpose and Scope 
 
This research was aimed towards the development of fluorescence spectroscopic 
techniques for drinking water source surveillance and was funded by the Tennessee 
Department of Environment and Conservation (TDEC), Division of Water Supply, 
Source Water Protection Program.  We characterized background fluorescence in karst 
and carbonate aquifers of East Tennessee for the purpose of understanding 
spatiotemporal variations in DOM occurrence and behavior.        
Goals and Objectives 
 
The ultimate goal of the study was to examine spatiotemporal variations in relation to 
local and regional environmental factors.  We addressed this by comparing routine 
measurements of natural background fluorescence with seasonal conditions, climate, 
land use, location, and assigned regulatory risk designations for drinking water supply 
sources in karst areas.  Objectives included: 
 
1.  The characterization of spatial and temporal variability of natural sources of 
background fluorescence in typical karst aquifers of East Tennessee;   
 
 2.  Assessment of fluorescent DOM sensitivity as an environmental 
 tracer;   
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3.  Examination of the influence of natural background fluorescence on the 
detection of low concentration tracer dyes. 
 
Hypotheses 
 
This research sought to test the following hypotheses: 
 
 The natural fluorescent properties of groundwater sources vary predictably, with 
higher fluorescent intensity occurring during seasonally wet periods due to 
greater organic matter flux. 
 
 Fluorescent properties can be correlated with site-specific hydrogeologic 
characteristics and conditions.  Specifically, deeper groundwater sources 
with long residence times should have different fluorescent signatures than 
shallow sources with relatively rapid flow-through times. 
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Regulatory Framework 
 
Communicable waterborne disease outbreaks are relatively rare in the United States 
due to modern treatment technology, federal regulations, and stringent state 
enforcement programs.  Despite multiple layers of protection, however, waterborne 
pathogens still pose a significant threat to children, the elderly, and immuno-
compromised customers of community water distribution systems.  Some risk of 
waterborne disease outbreaks always exists due to several factors:  1) a tendency for 
waterborne diseases to go under-reported (Craun et al., 2006); 
2) the ability of some microbes to adapt to new environmental conditions (Blackburn, 
2004);   
3) widespread land use changes;  
4) insufficient site-specific data on which to base source management plans.   
 
A prevailing public health concern relates to the detection and prevention of pathogens 
and contaminants that defy advanced water treatment.  The most persistent microbial 
pathogens are characterized by low infectious doses and survival in cold water 
environments.  Due to their small size, viruses can pass through most filtration systems 
and resist disinfection by reverting to an inactive cyst form in hostile environments.  
Along with the microscopic parasite Giardia lamblia, and protozoan Cryptosporidium, 
these human pathogens have been associated with the rapid transport of colloids, 
sediment and particulate matter through karst and fractured aquifers (McKay et al., 
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1993; Johnson, 2005).  In groundwater, these microbes occur sporadically and are 
difficult to detect in routine monitoring, a problem compounded by the lack of sensitive 
indicator parameters.  The accepted indicators for fecal pathogens, Total and Fecal 
Coliform and E. coli, are often inconsistent in terms of their co-occurrence with true 
pathogens (Craun et al., 2002; Maier et al., 2000; Johnson, 2005).  Improved methods 
of surveillance monitoring are needed for waterborne pathogens and other emerging 
contaminants.  This study is one of many research projects underway to merge better 
science with public health protection programs.       
 
Ground Water Under the Direct Influence of Surface Water 
 
A series of comprehensive federal regulations targeting the safety of community 
drinking water supplies were promulgated by the 1986 and 1996 Amendments to the 
Safe Drinking Water Act (SDWA; USEPA, 40 CFR, parts 141-149), through the 
supplemental Surface Water Treatment Rule (USEPA, 1989), the Ground Water Rule 
(USEPA, 2000), and Interim Enhanced Surface Water Treatment Rule (USEPA, 2002).  
Key provisions addressed monitoring, disinfection and filtration performance standards 
of both surface water-based sources and at-risk groundwater sources, designated 
“Ground Water Under the Direct Influence of Surface Water” (GWUDI).  GWUDI was 
operationally defined as ground water with “... significant occurrence of insects or other 
macro-organisms, algae or large-diameter pathogens such as Giardia lamblia or 
Cryptosporidium, or significant and relatively rapid shifts in water characteristics such as 
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turbidity, temperature, conductivity, or pH which closely correlate to climatological or 
surface water conditions...” (USEPA, 1989; USEPA, 1996).   
 
States with primacy were allowed to develop their own strategies for determining 
GWUDI status and most, including Tennessee, based individual source assessments 
on observations of raw water quality during storm events, past performance history, and 
basic wellhead and springhead protection measures.  The eastern two-thirds of 
Tennessee is largely underlain by carbonate bedrock.  With thousands of individual 
sources to consider, a policy was adopted that assigned high-risk GWUDI status to 
groundwater systems dominated by rapid recharge and response to climatic events 
(Table 1).  This applied to most sources in karst terrain, including those in our study 
area of East Tennessee (Figure 1).  As discussed further in the text, karst aquifers are 
susceptible to contamination due to potentially rapid recharge rates, low residence 
times, and the capacity for surface-derived inputs from petroleum leaks/spills, failing 
septic systems, and stormwater runoff (TDEC, 2006).   
 
Disinfection By-Products 
  
Chlorine is a powerful, residual disinfectant used by the majority of public water 
suppliers in the U.S.  In the mid-1970s, it was shown that chlorine can react with natural 
organic material to form potentially carcinogenic compounds, or disinfection by-products 
(DBP), in drinking water treatment and distribution systems (Ivahnenko and Barbash, 
2004).  The most common DBPs are methylated halogens, or trihalomethanes (THM), 
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consisting of chloroform (CHCl3), bromodichloromethane (CHBrCl2), 
dibromochloromethane (CHBr2Cl) and bromoform (CHBr3).  The precursors for these 
undesirable compounds appear to be released by algae, cyanobacteria and soil 
microbes in eutrophic reservoirs and springs (Maier et al., 2000).  Sources that 
otherwise meet the regulatory criteria for raw water supplies may experience periodic 
problems with DBP formation, especially in response to storm runoff, drought, lake 
turnover, land use conversion, and other conditions that induce algal blooms (Dugan 
and Williams, 2006; Roberts, 2007).  Additionally, cyanobacterial cells have been found 
in tap water during periods of low filter performance, increasing the risk of consumer 
exposure to neurotoxins and other harmful products released during cell lysis (Dugan 
and Williams, 2007).    
 
Chloroform is reported by the USGS (2006) as the most frequently detected volatile 
organic compound (VOC) in groundwaters of the U.S.  In a survey of VOCs in the 11-
state Mid-Atlantic region, the USGS detected chloroform at levels above 1.0 μg/L in 
nearly 20% of public supply wells and (n = 1190) and in 90% of reservoirs and stream-
based systems.  The occurrence of total THMs in groundwater has increased in urban 
and residential areas as a result of cumulative nonpoint source introduction of municipal 
water and domestic wastewater through leaking distribution and collection lines, 
irrigation, septic systems, swimming pools and even permitted effluent discharges 
(Ivahnenko and Barbash, 2004; Schaap and Zogorski, 2006).   
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Chloroform is persistent in high dissolved oxygen environments and has a relatively low 
affinity to sorb to aquifer materials.   For human consumption, the USEPA maximum 
contaminant level (MCL) for Total THM is 80 μg/L.  Prolonged exposure to THM is not 
only associated with cancer, but also with damage to the liver, kidneys and central 
nervous system (USGS, 2006).  Studies have shown correlations between DBP and the 
aromatic carbon content of DOM (Weishaar et al., 2003).  Subsequently, the use of UV 
absorbance (at 254 nm and 272 nm) as a rapid indicator of THM precursors became 
accepted practice among regulators and water suppliers (Traina et al., 1990; Ivahnenko 
and Barbash, 2004).  This method lacks applicability in some basins and has been 
shown to correlate poorly with the occurrence of the risk of THM in a variety of basins 
(Rosario-Ortiz et al., 2007).   
 
Aromatic humic acids tend to react preferentially with chlorine to form chloroform at 
disproportionately higher rates than other DOM (Ivahnenko and Barbash, 2004).  
Related membrane – fouling issues are also a problem for some water systems.  The 
fact that particulate organic matter (POM) and DOM can originate from natural, internal 
sources in addition to remote urban, industrial and agricultural sources suggests that 
fluorescence – based watershed characterization and screening tools could improve 
predictions of THM generation (Rosario-Ortiz et al., 2007).     
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Broader Impacts 
 
Karst, carbonate and fractured rock aquifers comprise more than half of the country’s 
potable (private and public) groundwater supplies, yet local information about recharge 
modes and basin boundaries are generally lacking.  Rapid flows, complex flow paths, 
direct surface inputs and mixing occur via fracture networks, sinkholes, caves and 
sinking streams.  Protection of these sources could be enhanced through environmental 
tracing, rapid-assessment monitoring and aquifer delineation.  When evaluated in the 
context of climate, soils, land use and geologic setting, the fluorescent properties of 
individual wells and springs may serve as sensitive rapid assessment tools for the 
detection of pollutants, pathogens and halogen precursors.  The fluorescent properties 
of DOM are commonly used in tracking fluxes in oceans, estuaries, streams and lakes, 
but are rarely applied to groundwater systems.  This study could help integrate these 
related disciplines in new ways. 
 
Soil organic matter constitutes one of the largest reservoirs of organic carbon in the 
world, but is poorly understood and in need of improved characterization and modeling 
(Lutzow et al., 2006; Jaffe et al., 2008).  A renewed focus on DOM dynamics in the soil 
and epikarstic zones could assist in the development of better models of carbon 
sequestration and global climate change (Baker and Genty, 1999; McDowell, 2003; 
McCarthy, 2005).  In the life sciences, DOM is an important factor in quenching the 
fluorescent genomic biomarkers used in microbiological and biomedical research 
(Johnson, 2005).     
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Professional academic organizations such as the International Humic Substances 
Society (IHSS), American Geophysical Union (AGU), National Environmental Research 
Council (NERC; UK), National Ground Water Association (NGWA), American Society 
for Limnological Studies (ASLO), Geological Society of America (GSA) and the 
American Chemical Society (ACS) support this type of research with technical 
conferences, bibliographies and databases.  Technical and public health agencies 
including the US Geological Survey (USGS), the Food and Drug Administration (FDA), 
the Center for Disease Control (CDC), and the United Nations Educational, Scientific, 
and Cultural Organization (UNESCO) are using fluorescence-based techniques to track 
sources of contaminated food and waterborne diseases in recycled water systems.  The 
National Space Administration (NASA), National Oceanic and Atmospheric 
Administration (NOAA), and the US Coast Guard have experimented with fluorescence 
for tracking ocean currents, water exchange and releases of ship ballast water (Conmy, 
2008).   
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Organic Matter Fluorescence   
 
Fluorescent DOM in the form of humic substances have been found in aquatic 
environments all over the world.  Despite disparate techniques, instrumentation and 
geologic settings, the fluorescent components of DOM – recognized as fulvic acids, 
humic acids, and proteins – have been distinguished in water samples from lakes in 
Antarctica and Colorado (McKnight et al., 2001), the Amazon River basin and Gulf of 
Mexico (Coble, 1996), peat catchments in northern England (Baker and Spencer, 2004) 
and caves in Hungary (Tatar et al., 2002).  The position and intensity of spectral signals 
have been correlated with relative age, function, composition and origin of fluorophore 
solutions (Senesi, 1993; Mobed et al., 1996; Frimmel, 1998; Chen et al, 2003; Kalbitz et 
al., 2003). 
 
Dissolved organic matter (DOM) is a complex mixture of aromatic and aliphatic organic 
compounds derived from the biogeochemical decomposition of plant and animal matter 
(Chen et al., 2003).  The fluorescent properties of DOM arise from highly reactive, 
oxygen-rich functional groups (about half of which are carboxylic acids), accompanied 
by phenols, amines, alcohols, inorganic iron and aluminum species, and other organic 
acids (Kramer et al., 1990; Mobed et. al, 1996; IHSS, 2005).  Direct analytical 
differentiation of this mixture is difficult, and requires arduous chemical separation and 
extraction procedures that can alter fluorophore composition (Pettersson et al., 1994; 
Hautala et al, 2000; Sierra et al., 2005).  Sophisticated analytical techniques have been 
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applied to the characterization of DOM, including nuclear magnetic resonance imaging 
(NMR; Frimmel, 1990; McKnight et al., 1997), various forms of flow-field flow 
fractionation (FFFF; Thang et al., 2001; van Beynen et al., 2002), and high-performance 
liquid chromatography/mass spectroscopy combined with capillary electrophoresis 
(HPLC/MS, CE; Parlanti et al., 2002).  Although new information was obtained through 
these endeavors, the comparatively low-tech, rapid analyses afforded by fluorescence 
spectroscopy are favored for the characterization of organic matter by composition and 
ecological function (McDowell, 2003; Sivaprakasam et al., 2003; Appendix III). 
 
The analysis of organic matter fluorescence as an indicator of dissolved organic carbon 
(DOC) concentration and DOM composition has been employed in the natural sciences 
for about two decades (Smart et al., 1976; Senesi et al., 1991).  The most 
comprehensive work has occurred in the fields of oceanography and limnology (Chen, 
1999; Coble, 1996; McKnight et al., 2001, 2003), with fewer applications to soil science 
and hydrogeology (Jardine et al., 1990; Kalbitz et al., 1999; Guggenberger and Kaiser, 
2002; van Beynen et al., 2002; Lapworth et al., 2008).  The spectral signature of DOM 
has been used to describe degrees of soil organic matter humification or degradation 
(Frimmel, 1990; Her et al, 2003); to differentiate source contributions within a watershed 
(McKnight et al., 2001, 2003; Baker et al., 2001); to trace water masses in the ocean 
(Coble, 1996), and to investigate limnological cycles and nonpoint source pollution in 
estuaries and coastal zones (Chen et al, 2003; Zepp et al., 2004; Parlanti et al., 2004).   
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Natural Sources and Dynamics of DOM   
 
In terrestrial systems, DOM is derived from photosynthesis and delivered to the soil 
zone via fresh leaf litter and woody debris (lignin-derived materials), root exudates, and 
microbial metabolites.  Plant type and density are important factors in the export of 
carbon to freshwater systems, where humic substances  comprise approximately 60%-
70% of the total organic carbon in soils, and 40% - 60% of the DOC in natural waters 
(Mobed et al., 1996; Frimmel, 1998; Baker and Genty, 1999).  A comparison of nutrient 
flux from forests versus that from fen areas found forests to be more effective carbon 
and nitrogen pumps by an order-of-magnitude over grasslands (Kalbitz et al., 2003).  
Bolan et al. (2004) found evidence that DOM generation can even vary by tree species, 
with coniferous forests producing a different DOM quality from deciduous forests.   
 
Soil type and thickness also factor into the mobility and quality of DOM.  As organic 
solutes are generated and move through the upper soil horizons, the processes of 
mineralization and biodegradation proceed at variable rates depending on mineralogy, 
climate, organic matter quality, and microbial activity (Zech et al, 1997; Guggenberger 
and Kaiser, 2003).  The dominant fractionation mechanism for organics in soil solutions 
was originally considered to be sorption to biofilms and mineral horizons (Guggenberger 
and Kaiser, 2003; Kalbitz et al., 2000).  The sorptive capacity of forest soils is never 
exceeded, however, despite large seasonal inputs of organics from the surface, 
indicating that several mechanisms and modes of DOM stabilization are operating 
concurrently and to different degrees in the vadose and epikarstic zones (Kalbitz and 
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Kaiser, 2008).  Several workers have found that fulvic acids temporarily co-precipitate 
with weathered sesquioxides, and are readily de-sorbed and re-released as 
hydrophobic DOM is preferentially sorbed (Kawahigashi et al, 2006).  Updated theories 
incorporate multiple modes of organic matter stabilization via microbial and enzymatic 
processing, temporary and “permanent” sorption of hydrophilic and hydrophobic 
fractions, and interactions such as ligand exchange, polyvalent cation bridges, metal 
complexation, and van der Waals forces (Lutzow et al., 2006). 
 
Figure 2 presents a conceptual model of DOM dynamics in upper soil zone (A and B 
horizons) as fresh material is introduced from the surface and fractionated into 
components of varying lability, aromaticity, and molecular weight (Zech et al., 1997).  
Most labile components (carbohydrates, etc.) are quickly mineralized and utilized in the 
upper soil zones, while moderately refractory components are processed and re-
synthesized by microbial communities (Einsiedl et al., 2007; Zech et al., 1997; 
McDowell, 2003).  Fulvic acids comprise the low- to intermediate-molecular weight (0.5 
– 1.2 kDa) hydrophilic fraction of DOM (McKnight et al., 1997).  Fulvic acid fluoresces in 
a unique wavelength range and is frequently reported as the dominant fluorophore in 
groundwater, including soil solutions, cave drip waters, and deeper aquifers (Pettersson 
et al., 1994; Baker and Genty, 1999; van Beynen et al., 2001; Tatar et al, 2002; Cruz et 
al., 2005; Kawahigashi et al., 2006; Lapworth et al., 2008).   
 
The high-molecular weight fraction of DOM consists of refractory hydrophobic 
compounds with relatively long residence times in the soil column (Table 2).  These 
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structurally complex macromolecular compounds have high dissociation activities (pKa 
values up to 9-10 for phenols) and adsorption affinity.  Humic acids are strongly sorbed 
to clays and biofilms lining fractures and root holes (Kramer et al., 1990; McCarthy and 
McKay, 2003), and thus may become inaccessible to biodegradation due to 
aggregation, intercalation by phyllosilicates, co-precipitation with Al and Fe, and 
encapsulation within organic molecules (Zech et al., 1997; Lutzow et al., 2006).  
Consequently, humic acids are rarely seen in groundwater (i.e., the saturated zone), 
and appear to be released from sorption only in response to extreme climatic events or 
major land use changes that alter recharge chemistry (Shevenell & McCarthy, 2002; 
Jardine et al., 1990; Perrin et al., 2003).   Fluorescence at long wavelengths and low 
intensities is characteristic of humic acid and indicates condensed aromatic rings and 
other unsaturated bonds in refractory compounds (Hautala, Peuravuori, and Pihlaja, 
2000). 
 
Strong protein-like fluorescence has also been documented in seawater, soil pore 
waters, and other sources of freshwater (Yamashita and Tanoue, 2003).  Its presence 
has been related to bacteria and phytoplankton (Determan et al., 1998), soil microbial 
activity (McKnight et al., 2001; Her et al., 2003) and nonpoint source impacts from 
wastewater effluent, storm water disposal and agricultural runoff (Baker and Inverarity, 
2000; Baker and Lamont-Black, 2001; Baker and Spencer, 2004).  The proteins in DOM 
are intensely fluorescent, low-molecular weight compounds that constitute less than 1% 
of freshwater DOM (Thomas, 1997).  Although little is known about the ecological role of 
proteins, they are known to serve as a nutrient source for bacteria, algae, and other 
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aquatic species.  Other chromophoric parameters, such as chlorophyll-a produced by 
photosynthetic bacteria, fluoresce in the infrared region of the spectrum, and can only 
be detected through extended scans. 
 
Anthropogenic Sources   
 
Man-made fluorescent agents are present in waters impacted by nonpoint source 
pollution, hazardous wastes and petroleum releases.  While these substances can 
cause analytical interference with the analysis of tracer dyes, they can also be exploited 
as natural tracers themselves.  A common source of artificial fluorescence in surface 
waters and groundwaters are the optical brightener dyes used as “whiteners” in laundry 
detergents.  These blue dyes fluoresce in the UV range and can be detected 
qualitatively with a hand-held black light.  The presence of optical brighteners in 
groundwater and streams often indicate a site in proximity to leaking sewer lines and 
failing septic systems (Thrailkill et al, 1983; Aley, 1999; Kass, 1998).  Livestock wastes 
yield a weak fluorescent signal that can obscure dye spectra at low concentrations, and 
can lead to low dye recoveries in agricultural areas (Aley, 1999; Baker et al., 2004).  
 
Antifreeze, colored with uranine, is frequently found at significant background 
concentrations in springs and streams receiving runoff from urban areas and automotive 
maintenance facilities.  Mineral oil, hydraulic fluids, and polycyclic aromatic 
hydrocarbons (PAH) are detected in runoff and recharge from industrial sites, streets 
and parking lots, service stations, railroad yards and coal processing facilities (Kass, 
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1998; Aley, 1999; Smart & Karunaratne, 2002).  Other sources of background 
fluorescence include landfill leachate, some agricultural chemicals and pharmaceuticals, 
wood preservatives, and plastics or metal casting plants (Aley, 1999; Baker and Curry, 
2005).  Potential interference from anthropogenic fluorophores was at least partially 
avoided in this study through our focus on semi-protected, potable groundwater supply 
sources.   
 
Interpreting Fluorescent Properties   
 
DOM fluorescence is most commonly observed at excitation wavelengths (λEx) from 
200 – 400 nm and emission wavelengths (λEm) in the long ultraviolet and blue 
wavelengths (350 – 500 nm; Newsom et al., 2001).  Fluorescent intensity of the DOM 
generally increases with decreasing molecular weight and aromaticity, corresponding to 
fluorescent spectra in the UV-visible range (shorter wavelengths and higher energy).  
This results in fulvic acid-like spectra having greater fluorescent intensity than a 
comparable concentration of humic acid-like spectra.  Amino-acid-type proteins, near 
the lower limits of the instrument scan range, are the most fluorescent component of 
DOM.   
 
 Environmental factors can be expected to affect the intensity and λEx/λEm of natural 
fluorophores, such as temperature, pH, ionic strength, redox, productivity, and 
photodegradation conditions.  Spectra tend to shift towards the shorter or longer ends of 
the spectrum according to the proportion of carbonyl containing substituents, and 
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hydroxyl, alkoxyl, and amino groups (Senesi et al., 1991).  The natural variation in DOM 
quality that occurs at a given site necessitates the use of a specified range of λEx/λEm 
for a functional form of DOM component identification.  Coble (1996) even suggested 
that the most useful spectral parameter for characterizing fluorescent DOM composition 
is actually the wavelength-independent position of fluorophores plotted in relation to 
each other, rather than specific λEx/λEm values.  
 
Comparisons of DOM fluorescence across biomes or aquatic settings is complicated by 
the diversity of instruments, labs, methods, and applications of fluorescence 
spectroscopy.  Coble (1996) was among the first to use 3D excitation-emission matrices 
(3DEEM) to de-convolute the spectral signals of seawater into 5 distinct peak regions 
(A, B, C, M, and T), believed to represent humic substances and proteins of differing 
composition, source, and/or degradation state.  Subsequent studies found the same 
types of fluorescent substances in freshwater (McKnight et al., 1997), sediment pore 
waters (Coble, 1996), estuaries (Parlanti et al., 2000; Stedmon et al., 2003), and cave 
drip waters (Baker and Genty, 1999).   The main sources of recent reference material 
on organic matter fluorescence can be found in marine and freshwater ecology journals, 
in the form of drip studies, and in a few hydrogeologic investigations (Baker and 
Lamont-Black, 2000; Lamont-Black et al., 2005; Mosatofa et al., 2007; Lapworth et al., 
2008).   
 
Yamashita and Tanoue (2003) described the distribution of protein-like and humic-like 
fluorophores off the coast of Japan.  They compared their results both to λEx/λEm 
        23 
reported in the literature, and to the fluorescence maxima of reference standards.  
Mostofa et al. (2007) investigated fluorescent properties of DOM in Japan’s Yasu River 
and Lake Biwa watersheds through 3DEEM and analyses of electrical conductivity, 
DOC and inorganic anions.  Baker and Spencer (2004) compared DOM fluorescence 
and DOC measurements in three tributaries of the River Tyne catchment in northern 
England. All three studies found fulvic acid-like DOM fluorescence in the C peak range 
specified by Coble (1996; λ Ex/λEm = 300-330/446-465 nm), although trends differed 
along each transect.  Mostofa et al., (2007) documented a significant red-shift (longer 
wavelengths) in the FA/C peak from groundwater (λ Ex/λEm = 320 +/- 9 nm/424+/-5 
nm) to river water, lake water, and oceans.  Baker and Spencer found the opposite 
effect from source to sea, which they attributed to salinity, loss of aromaticity, and other 
site-specific factors.  Both studies found strong protein fluorescence associated with the 
humic substances, possibly related to sewage effluent, urbanization and phytoplankton.   
 
The results of the drip water studies would appear to be most directly applicable to the 
types of carbonate aquifers being sampled in this study.  Baker and Genty (1999) 
sampled dripping speleothems in four UK caves, and consistently found a fulvic acid-
like signal (λ Ex/λEm = 290-340/395-430 nm) that varied subtly between each site.  By 
subsequently analyzing the fluorescent properties of the cave formations themselves, 
they demonstrated the periodicity of the fulvic acid-like wavelength over 100-1000-year 
timeframes.  They also saw evidence of seasonal trends in the intensity and position of 
the fulvic acid peak, and detected short-wavelength peaks they attributed to protein 
fluorescence.  Similar studies by van Beynen et al. (2002) and Cruz et al. (2005) were 
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carried out in caves in both continental (Marengo Cave, Indiana) and humid, sub-
tropical climates (Santana Cave, Brazil).  While most of the drip studies found no humic 
acid-type florescence, they typically reported lower emission wavelengths for fulvic acid-
like fluorophores in carbonate groundwater, compared to International Humic 
Substances Society (IHSS) reference standards (Senesi, 1991; van Beynen et al., 
2003).  Possible factors include groundwater residence times, infiltration through thick, 
clay-rich soils/sorption of hydrophobic constituents, and the effects of vegetation type 
and density (Baker and Genty, 1999; van Beynen et al., 2002; Perrette et al., 2005).  
Fluorescence investigations specifically targeted at carbonate groundwater is limited, 
but includes research conducted by Baker and Lamont-Black (2001) who detected 
seasonal variations in fulvic acid-like and protein-like fluorophores in wells and springs 
around Darlington, England.    
 
Such studies are needed to address the growing pressures on water resources and the 
ecological effects of global change.  Analytical differentiation of DOM is difficult and 
rarely done, however, so researchers must accept some degree of uncertainty with 
regard to DOM characterization via optical properties.  This is especially true when 
extrapolating between aquatic settings, yet, within a specific hydrologic system it is 
reasonable to expect that fluorescent spectra obtained through similar methods could 
be compared between similar (or juxtaposed) geologic settings.  The range of 
fluorescence regions presented in Table 3 were selected from literature on the 
fluorescent properties of caves, carbonate aquifers and watersheds.  Although our 
excitation and emission wavelengths (λ) occasionally fell outside the range limits for 
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some of these compounds, this list served as a guide for the interpretation of specific 
DOM components, as described later in this study.    
   
Efforts are being made to develop standard protocols for sample collection and analysis 
of organic matter fluorescence.  Comparable results between instruments is possible if 
time-consuming corrections for the variability in lamp output versus wavelength are 
made (Lakowicz, 1998).  Kalbitz et al (2001) found only a 5-10 nm wavelength 
difference between DOM spectra analyzed via different types of scanning 
spectrophotometers, and applied correction factors to enable direct comparisons.  Even 
after careful corrections are made, the results are only accurate to +/- 10%, therefore it 
is standard procedure to report the observed, uncorrected spectra (Lakowicz, 1998).   
 
Normalization to standard reference materials such as quinine sulfate, IHSS Suwanee 
River fulvic acid, and Elliot soil fulvic acid is somewhat controversial due to the frequent 
mismatch with certain fluorophores of interest (Commack et al., 2004), and the 
necessity to develop ad hoc correction factors (Pettersson et al., 1994).  That was also 
the case in this study, where commercial humic substance standards had similar 
shapes, but fluoresced in regions completely different (much longer λEx/Em) from our 
groundwater samples.  This drove our preference is for standard methods using natural 
water samples rather than those extracted or isolated in ways that alter fluorophore 
composition and behavior.       
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Advances in high-resolution 3DEEMs and applications of parallel factor analysis 
(PARAFAC), a Matlab-based tool for parallel factor analysis and image enhancement, 
have greatly assisted in individual fluorophore differentiation (Coble, 1996; W. Chen et 
al., 2003; Stedmon et al., 2003; Zepp et al., 2004).  The overall state of the science and 
comparability of results is being improved through inter-laboratory comparisons and 
coordinated efforts of the international National Environmental Research Council 
(NERC) – sponsored Knowledge Transfer Network on Fluorescence for the Water 
Sciences (FLORONET: http://www.gees.bham.ac.uk/research/projkects/fluoronet/). 
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CHAPTER III 
DESCRIPTION OF STUDY AREA 
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Participating Water Systems 
 
We studied a group of community water systems in East Tennessee that a) used wells 
and springs from heterogeneous carbonate aquifers, and b) served from 1,800 to 
30,000 rural - to - suburban customers.  Several of these sites had been included in a 
previous University of Tennessee microbial water quality study (Johnson, 2005).  The 
sources were relatively evenly balanced between those considered highly vulnerable to 
contamination (GWUDI), and those at low risk (non-GWUDI; Table 1).  Eleven utility 
districts voluntarily participated in the study and, in cooperation with TDEC staff, 
provided site access, precipitation records, historical information and basic water 
chemistry data. The locations of participating water systems are shown in Figure 1, and 
information on their sources are listed in Table 4.  
 
Anthropogenic sources of fluorescence were at least partly avoided by focusing on high-
quality community groundwater sources in predominantly rural areas.   Public supply 
sources must meet stringent well construction and spring development standards 
designed to minimize surface water infiltration along boreholes, well casings and spring 
boxes.  Community supplies are monitored daily for bacteria, turbidity, temperature, pH, 
and other compliance parameters, and are subjected to periodic sanitary surveys, along 
with analytical scans for VOCs and other priority pollutants.  Given the level of 
regulation and surveillance directed at community drinking water supply sources, they 
are deemed less likely to exhibit fluorescence from man-made contaminants than 
private wells and springs.   
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Watershed Characteristics     
 
Physiography 
 
The current study sampled 23 groundwater-based community water supply sources 
located throughout the Valley and Ridge physiographic portion of the Upper Tennessee 
River Basin (UTRB; Figure 3).  In Tennessee, this encompasses an area of about 2 
million hectares (7690 mi2 ; Johnson, 2002).  The study area extends from Johnson 
County, TN (36o 33’ N latitude) to Hamilton County, TN (35o 12’ N latitude).  In the 
easternmost parts of the region, springs and wells in Johnson, Carter and Unicoi 
Counties are recharged from the Iron and Unaka Mountains at the edge of the Blue 
Ridge province.  In the western part of the valley, springs and wells receive recharge 
from the eastern rim of the Cumberland Plateau.  Elevations range from more than 1200 
meters (4000 feet above sea level) in Johnson County to approximately 200 meters 
(650 feet a.s.l.) near Chattanooga.     
 
Karst topography is prevalent throughout the limestone and dolomite valleys of East 
Tennessee.  Surface manifestations of subsurface drainage networks typically include 
sinkholes, sinking streams, dry drainageways and caves.  Karst features are associated 
with a higher risk of surface-derived contamination and the potential for subsidence 
induced by both natural processes (fluctuating water table) and human activities such 
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as drainage alterations, stormwater injection, and groundwater withdrawals.  Although 
the density of karst features is highest in the recharge areas of GWUDI sources, the 
presence of karst features is not exclusive to moderate-to-high-risk groundwater basins 
(Table 1).  A cursory review of topography revealed that sinkholes and karst features 
occurred within 1.0 km of most wells and springs sampled in this study, regardless of 
GWUDI status. 
 
Climate  and Seasonality 
  
The climate of the region is classified as humid and temperate, with mean annual 
precipitation (1935 – 1997) ranging from 988 mm (38.9 in.) in the north to 1244 mm (49 
in.) in the south (Johnson, 2002).  The greatest amount of precipitation normally occurs 
in winter due to cyclonic storms originating from the Gulf of Mexico.  Summer 
thunderstorms normally cause a secondary rainfall peak in July (NCDC, 2008).  
Significant snow accumulation is common only on the northeastern and eastern edges 
of the region.  Average annual temperatures range from 9o C to 17o C (48o to 63o F), 
with distinct seasonal fluctuations in both temperature and precipitation.  The typical 
growing season extends up to 240 days in the southernmost valleys (USDA, 2008).   
 
During the monitoring period for this study (2006 – 2007), the region experienced 
record-setting drought conditions fairly uniformly across the area.  By the end of the 
study, the prolonged drought had attained a ranking of -4.0 on the Palmer Drought 
Severity Index scale, and was classified as an “extreme” drought by the National 
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Climatic Data Center.  In August 2007, the region had received only 60% to 70% of 
normal rainfall (Figures 4 and 5), with an average deficit across East Tennessee of 
more than 330 mm (13 inches; National Weather Service, 2007).  Recharge rates, soil 
moisture levels, and groundwater storage were critically low, resulting in the 
implementation of local water rationing programs and replacement of several 
overstressed water supply sources (TDEC, 2008; NCDC, 2008).  Low groundwater 
recharge conditions also aggravated minimum in-stream flow, algae, and 
trihalomethane problems for some systems.   
 
Vegetation 
 
Temperate forests cover more than 67 percent of the basin (Hampson et al, 2000), 
concentrated around the northern, eastern and western extremes of the region.  Native 
vegetation is categorized as the Appalachian Oak Forest Association, although 
dominant tree species at any location are a function of such site-specific factors as 
elevation, latitude, slope, aspect, moisture regime and previous management activities.  
The association most commonly consists of the following groups:  White pine – 
hemlock, chestnut oak- white oak - red oak - hickory, northern red oak-basswood-white 
ash, yellow poplar – white oak – Northern red oak, and loblolly short leaf pine.  
Understory vegetation includes dogwood, pawpaw, hornbeam, sassafras, greenbrier 
and witch hazel.  Eastern Red cedar populates overgrown fields and clearings in the 
carbonate valleys (NRCS, 2008; Wagner et al., 2006).  
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Land Use 
 
The major urban centers of Chattanooga, Knoxville, and the Tri-Cities (Bristol, 
Kingsport, Johnson City) are located along the main stem of the Tennessee River.  
Suburban, rural residential and light agricultural land uses predominate in the valleys 
and on lower foot slopes of the ridges.  Agricultural land uses account for approximately 
26% of the entire basin.  The majority of farming activities include pasture and hay 
production (grass farming) along with grazing livestock and a small amount of dairy 
farming.  Cultivation of row crops such as corn and tomatoes, etc. make up about 2.6 % 
of the study area and are centered in more rural carbonate valleys (Hampson et al, 
2000).  Tobacco, a traditional cash crop, is rapidly being replaced by vegetables and 
biomass crops.  No significant coal mining occurs in the East Tennessee part of the 
UTRB.  Limestone and sand quarries are scattered throughout the valley, and several 
recently re-activated zinc mines are located in the immediate recharge area of one 
spring and well.  Golf courses, which are typically large users of groundwater and 
pesticides, are frequently found in the vicinity of public water supply sources.   
 
Most of the springs and wells sampled in the northern tier receive recharge from the 
Iron and Unaka Mountains which lie mainly within the boundaries of the Cherokee 
National Forest.  The vast majority of this land is steep and forested, with some light 
agricultural and residential land uses in the immediate springhead or wellhead areas.  
Community water sources sampled in the central Tennessee Valley tended to have a 
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mix of timber and agricultural land uses in the recharge areas, with a few exceptions 
experiencing expanding residential and commercial development. 
 
EPA’s Regional Vulnerability Assessment (ReVA) program recently identified land use 
change, population growth, non-indigenous species, pollution and resource extraction 
major drivers of ecological change in the Mid-Atlantic Region (Wagner et al, 2006).  
Based on current conditions and the theory that the further an ecosystem is removed 
from its natural state, the more vulnerable it is to irreversible degradation, the study 
used statistical analysis of spatial data and modeling to project regional changes 
through the year 2020.  Major stressors to current environmental conditions were 
identified as forest fragmentation and the conversion of vegetation and land use from 
forest and open space-dominated to more residential and urban.  
 
Although not targeted specifically at groundwater resources, the ReVA analysis named 
soil erosion and nutrient loading to streams as significant threats to the regional ecology 
(Wagner et al, 2006).  A recent USDA study of privately-owned forestlands, the 
Renewable Resources Planning Act (RPA) Assessment, found that 2.5 million acres of 
forest in the southeastern US was converted to urban and other land uses between 
1992 and 1997.  The study projected the loss of an additional 4.8% of forestland and 
23.7 % of pastureland by 2030 (Plantinga, A.J. et al., 2007).        
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Geology  
 
The bedrock and dominant geologic structure of the area consists of a sequence of 
Paleozoic sedimentary rocks that have been folded and faulted into a series of 
northeast-trending valleys and ridges (Figure 6).  The Valley and Ridge Province of 
eastern Tennessee is mainly underlain by carbonate rocks of Cambrian and Ordovician 
age, along with minor occurrences of Silurian, Devonian and Mississippian rocks (Lloyd 
and Lyke, 1995; Lemiszki and Kohl, 2006).  Bedrock dips 40o to 50o to the southeast, 
although steeply-dipping to vertical bedding is common.  Rocks are highly fractured and 
jointed, with fracture orientations ranging from vertical, to strike-parallel to strike-
perpendicular. 
 
Structure plays a key role in the flow patterns of the region, as bedding planes, faults 
and intersecting fractures have been dissolutionally enlarged to form preferential flow 
paths and recharge features (Fig.6).  The repeating sequence of narrow shale and 
carbonate-rock aquifers (Chickamauga, Knox and Conasauga Groups) result from the 
tectonic processes that formed the Appalachian orogenic belt (Lloyd and Lyke, 1995; 
Lemiszki and Kohl, 2006).  Most thrust faults strike roughly parallel to the orogen and 
dip to the southeast.  Multiple thrust sheets are stacked upon each other in this portion 
of the Tennessee Valley, between the major Great Smoky Fault on the east (at the edge 
of the Blue Ridge Province) and the Pine Mountain Fault on the north.  Regional faults 
function as both conduits for groundwater movement and/or semi-confining zones.  
Enhanced dissolution resulted where thrust faults juxtaposed different rock types.  Most 
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of the sources sampled during the current study are associated with major faults, either 
as springs that discharge along faults or related joint intersections, or production wells 
that have been sited on those features. 
 
The westernmost slopes of the Iron, Unaka and Smoky Mountain ranges (southern Blue 
Ridge) are comprised of lower Cambrian and Pre-Cambrian sandstones, shales, and 
meta-conglomerates.  These acidic rocks underlie much of the recharge areas for large 
springs in Mountain City, Hampton, and Erwin.  Even though these sources discharge 
from dolomite, their geochemistry reflects the clastic source, with lower specific 
conductivity and pH during certain times of the year. 
 
The complex, regionally discontinuous groundwater reservoirs are termed 
“hydrogeologic settings”, rather than aquifers.  These flow systems generally 
encompass areas several hundred meters in depth by thousands of hectares in surface 
area, with flow paths of 10 kilometers of less.  The USGS defines “aquifers” as much 
larger continuous flow systems occurring on the scale of millions of hectares, such as 
the Gulf Coastal Plain, Edwards and Ogalalla Aquifers (Hollyday and Hileman, 1996).    
  
Springs discharging from karst and fault and/or fracture-controlled systems are 
numerous in the region, with the largest discharging up to 315 liters/s (5000 gpm; 
Hollyday and Smith, 1990; Lloyd and Lyke, 1995).  Many springs show seasonal 
discharge fluctuations over 1 to 2 orders-of-magnitude, while others exhibit consistently 
high discharges and minimal variations in discharge.  The largest springs issue from the 
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Rome and Shady formations, Knox Group, Middle Ordovician limestones, the Honaker 
dolomite (upper Conasauga Group), and the Mississippian Newman limestone.  
Production well yields typically range from 6 lps to more than 160 lps (100 - 2,500 gpm), 
and tend to be associated with the same formations as springs (DeBuchananne and 
Richardson, 1956; Lloyd and Lyke, 1995; Jones, S. 2008).  Geologic and flow data for 
the springs and wells sampled in this study are shown in Tables 5 and 6. 
 
The flow systems of springs and wells in the region can be categorized on a continuum 
between fast flow, conduit and slow flow systems.  The type of flow system is based on 
source behavior and chemistry, as well as tracer tests where available. The most 
productive springs and wells are generally consistent in behavior and geochemistry, 
reflecting slower recharge, often over large areas, and have large storage systems 
buffered from short-term surface influences. These are referred to as slow flow 
carbonate aquifers and can result from the absence of karst conduits or from the 
presence of overlying layers of low or moderately permeable sediments that slow the 
rate of recharge.  Others are characterized by very rapid recharge, often through 
sinkholes or swallets and have very fast flow (sometimes > 1 km/day).  Recharge to 
carbonate springs and wells occur through a variety of mechanisms and all three modes 
of recharge may contribute to a given source (Quinlan, 1989). 
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Soils and Residuum  
 
Soils function in a variety of ways to facilitate groundwater recharge, filter surface 
contaminants, and contribute to fluorescent DOM properties.  The general properties 
and diagnostic features of soils with widespread hydrologic significance are described 
here relative to their geographic distribution and apparent contribution to groundwater 
recharge (NRCS, 2007).   
 
The most widely occurring soils of hydrogeologic significance belong to the taxonomic 
Order, Ultisols (sub-order, Udults).  Udults are deep, clay-rich, valley soils that formed 
under coniferous/hardwood forests in warm, seasonally humid climates (NRCS, 1999).  
Tree roots and their associated microbial ecosystem facilitate clay horizon formation 
through leaching, translocation and nutrient cycling.  Over thousands of years, these 
processes created a thick (10s of meters) mantle of clay residuum on the weathered 
carbonate bedrock (NRCS, 2007).   
 
Soil organisms ranging from plants, algae and bacteria (photosynthesizers) to the 
decomposers (fungi and bacteria) and shredders (earthworms and arthropods) occupy 
specific habitats and niches in the soil ecosystem, depending on their size and function.  
From a water supply perspective, soil organisms are also important in reducing the 
impacts of pollution by detoxifying and decomposing potential pollutants.  The 
composition of soil biota is associated with the plant assemblages present in the 
watershed, and the variety of soil habitats available for use.  Greater diversity and 
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complexity in the soil biological community generally improves soil biological activity 
(NRCS, 2007). 
 
The Paleudults are extensively distributed throughout the Tennessee Valley, and 
formed on middle Ordovician limestone and dolomite rocks.  These are very deep (> 
150 cm), gently sloping to steep, well drained soils with thick, uniform red argillic 
horizons and no fragipan.  Paleudults can exhibit well-developed ped faces and 
dessication cracks (> 5 mm wide).  Shrink/swell clays create slickensides and slip 
surfaces on peds in deep expansion and contraction zones (NRCS, 2007).    
 
Hapludults are shallower Udults that are freely-drained, with no horizon saturated for 
more than 30 days in a given year.  Hapludults are silty and yellowish in color, and 
formed on sandy, acidic (€ Chilhowie Group) colluvial sediments of Pleistocene age or 
older.  The soils can exhibit local fragipans, forming sinkhole ponds.  Hapludults do not 
form deep cracks under normal soil moisture conditions (NRCS,1999).  In the study 
area, these soils are found mainly on forested foot slopes and coves of the Iron and 
Unicoi Mountains in Johnson, Carter and Unicoi counties.    
  
The Inceptisols (Sub-order Udepts) occupy cool, higher-elevation foot slopes along the 
eastern edge of the Blue Ridge/Smoky/Unaka/Iron Mountain range.  These are 
relatively thin mountain soils (Dystrochrepts) associated with the Hapludults, forming at 
higher elevations on the Chilhowie Group rocks.  On this less stable landscape, 
slumping and slope erosion continuously exposes unweathered bedrock, forming 
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shallower soils from loamy and clayey parent material.  Entisols, the young, sandy 
alluvial soils along narrow stream bottoms (usually Suborder Fluvaquent) are of limited 
distribution but are important from the perspective of water supply development and 
onsite wastewater management (NRCS, 1999).   
 
Far northeast Tennessee is the only place east of the Nashville Basin where the 
suborder Udalfs (Alfisols) are common.  Udalfs, of the Order, Alfisol differ from the 
Udults with higher soil moisture content and the presence of redoximorphic features, 
indicative of shallow or perched water tables.  Paleudalfs cover the Big Spring recharge 
area (Carter County), which has a widely fluctuating water table in conduit-type spring 
system (NRCS, 2007).    
 
Typical soil pH ranges from 4.5-5.5 and is slightly more alkaline in alluvial soils.  Clay 
content increases with depth and can comprise as much as 60% of the soil profile 
(Table 7).  Pedon characterization data from the National Soil Survey Laboratory 
reveals that the clay mineralogy of regional soils consists of varying proportions of 
kaolinite, vermiculite, goethite, quartz and mica.  A range of saturated conductivity and 
organic carbon values for several common soil series are also presented in Table 7 
(NRCS, 2007).         
 
In spite of the variably deep, argillic soils covering east Tennessee’s karst aquifers, 
most of the springs (and some wells) sampled in this and previous studies (Johnson, 
2002; Johnson, 2005) are considered moderately to highly susceptible to groundwater 
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contamination or GWUDI.  Most residual soils contain fractures and macropores that 
contribute to high permeability and deep weathering.  This can translate into relatively 
rapid transmission rates for waterborne microbial pollutants.  Solute transport in C 
horizons and saprolite is controlled by advection along fractures plus diffusion into the 
matrix (McKay et al., 1997; Jardine et al, 2006).  Studies in East Tennessee have 
shown that microorganism-sized colloids can travel 10s to 100s of meters per day 
through permeable, fractured residuum to underlying karst aquifers (McKay et al., 
2000).   
 
Overall, the region’s soils were severely dessicated during the study period, as reflected 
by the national Soil Deficit Map for the 2007 drought (NRCS, 2008; Figure 7).  The 
potential for contamination is heightened during droughts and large recharge events, 
where infiltrating (low ionic strength) precipitation under high flows catalyze pathogen 
transport and the release of sorbed contaminants (Shevenell and McCarthy, 2001; 
Johnson, 2005; Jardine et al., 2006).   
 
Geochemistry 
  
Carbonate groundwater in East Tennessee is generally of the calcium- magnesium-
bicarbonate type, with relatively high hardness measured as total dissolved solids (TDS) 
or Specific Conductivity (SpC; Lloyd & Lyke, 1995; Krawczyk and Ford, 2006).  Ion 
analysis was not performed for this study, however typical values for the region were 
compiled from several sources and presented in Table 8.   
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The USGS compiled geochemical data for groundwater in the Tennessee Valley for the 
1994-1998 National Water Quality Assessment (NAWQA) Program (Hampson et al, 
2000).  The study focused on privately-owned wells and springs used for domestic 
water supply and agricultural purposes.  Nutrient levels in springs were reported as 
being less than 2 mg/L, with a median concentration of 1.16 mg/L for nitrate (Johnson, 
2002).  Pesticides were widely found at trace levels, below drinking water standards, 
with atrazine most frequently encountered in agricultural areas.  The volatile organic 
compounds (VOC) most commonly detected in spring water included chloroform, methyl 
chloride, styrene, and trichloroethylene (TCE).  Suspected sources of these background 
VOCs in groundwater include pesticides/herbicides applied to tobacco, corn crops, 
lawns and golf courses, household termite treatments, and septic systems (Johnson, 
2002).  
 
The NAWQA study detected low concentrations of fecal indicators (total coliform 
bacteria and E. coli) in 30% of the private wells sampled (Hampson et al., 2000).  Fecal 
indicators reported in carbonate headwaters springs (Virginia) ranged from 10-10,000 
colonies per 100 mils for total coliform bacteria and 1-660 colonies per 100 mils for E. 
coli (Johnson, 2002).  A recent University of Tennessee study of microbial pathogens in 
community groundwater supplies included some of the same wells and springs sampled 
for this study.  E. coli was detected in the untreated water of half the community wells 
sampled, and in all 10 springs.  Investigators found low concentrations of enteric viruses 
in 3 out of 4 “low risk” (non-GWUDI) sources, and 4 out of 4 “high risk” (GWUDI) 
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sources.  Conventional fecal indicators co-occurred with culturable viruses in 7 out of 9 
of these samples (Johnson et al., 2005).    
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CHAPTER IV 
MATERIALS AND METHODS 
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Sample Collection and Analysis  
 
Field Methods  
The sampling program was conducted from Fall 2006 through Fall 2007 during a period 
of persistent drought (NCDC, 2008).  Most water samples represent the subject springs 
and wells at base-flow conditions with the exception of the Winter 2007 samples, 
collected 3 days after 51 mm (2 in.) of rain fell across the region.  No appreciable snow 
or snowmelt occurred in the region during the study period.   
 
Water samples were collected directly from public water supply sources owned by utility 
districts or municipal waterworks, which required prior contact and coordination with the 
system operators before each sampling event.  Normally, wells had been pumping for 
several hours prior to sampling.  In several situations, a well was started up specifically 
for sampling; therefore, lines were purged for a minimum of fifteen minutes prior to 
sample collection at the source.  Certain wells or springs were periodically taken offline 
for repairs or recovery, so no samples were collected in those instances, resulting in 
several gaps in the data set.   
 
Field parameters (pH, electrical conductivity, and temperature) were measured prior to 
sample collection with a portable YSI Model 63 multi-parameter meter.  The meter was 
calibrated for pH in the laboratory prior to field use.  Electrical conductivity and 
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temperature measurements were used to indicate parameter stabilization when 
sampling pumping wells.   
 
DOM is defined, for practical purposes, as the fraction of humic substances passing 
through a 0.45 µm filter (Kramer et al., 1990; Thurman, 1985).  We used 0.2 µm glass-
fiber filters (Fisherbrand Glass Fiber Filter Circles, no. G8) to remove particulate 
material, colloids (2 – 10 μm), and clays (< 2 μm) that could add extraneous absorbance 
to the samples.  In the field, three samples were filtered using the pre-ashed glass fiber 
syringe-mounted filters.  A fourth, unfiltered sample was collected for a comparison of 
the fluorescent properties of filtered samples versus unfiltered samples.  Extra samples 
were also collected as field blanks and for the comparison of sample degradation and 
holding time.  The samples were collected in pre-cleaned, 40-mL glass vials, labeled, 
and immediately placed on ice for transport to the laboratory (within several hours).      
 
Laboratory Methods 
 
All sample handling and analyses were conducted at the Department of Earth and 
Planetary Sciences hydrogeology lab and the Center for Environmental Biotechnology 
laboratory at the University of Tennessee (Knoxville).  Upon arrival, samples were 
immediately transferred to a dedicated refrigerator for temporary storage at 4oC.  A 
refrigerator malfunction early in the project resulted in the destruction of most of the Fall 
2006 samples.   
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Within two weeks of sample collection, a replicate sample from each source was 
acidified to pH = 2.0 – 2.5 with 12N HNO3 for absorbance measurements and total 
organic carbon (TOC) analysis.  Ultraviolet (UV) absorbance was measured on a 
Beckman Coulter 640B spectrophotometer at 270 nm per Standard Methods 5910B and 
others (Traina et al., 1990; Kalbitz et al, 1999; McCarthy, 2007).  Molecular absorbance 
(cm-1) is a rapid measurement of ultraviolet light absorption and has been correlated 
with important water quality parameters such as biological oxygen demand (BOD), 
DOC, aromaticity and humification (Hautala, Peuravuori, and Pihlaja, 2000; Kalbitz et al, 
2003; Chen et al., 1977).  Fluorescent intensity should be inversely related to UV 
absorbance measurements at any wavelength, as an indication of the chromophoric 
content of the DOM (Pettersson et al., 1994).  Another form of this indicator is the 
specific UV absorbance (SUVA), calculated as the ratio of molecular absorbance to 
dissolved organic carbon concentration (Traina et al., 1990).   
 
TOC was measured on a Shimadzu TOC analyzer via EPA Method 5310.  The 
technique removes inorganic carbon by sparging, followed by conversion of the 
remaining organic carbon to CO2 via high-temperature catalytic oxidation and 
quantification with an infrared detector.  Persistent instrument malfunctions prevented 
TOC measurements for all seasons, although values for the Winter 2006- 2007 samples 
were obtained and reported as DOC.   
 
Fluorescence analysis was performed on a Perkin Elmer LS55 luminescence 
spectrophotometer equipped with a 20-watt xenon lamp. The optical configuration of the 
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Perkin Elmer LS55B is depicted in Appendix IV.  Instrument settings used in this study 
were modified from the literature, as discussed in Chapter II, and determined empirically 
to separate the spectra (Table 9).      
The spectrophotometer was validated at the beginning of each analytical session using 
de-ionized, distilled (Milli-Q) water.  Instrument stability was compared against the 
Rayleigh and Raman scatter peak wavelengths at 349.5 to 351.5 nm and 392 to 402 
nm, respectively.  Acceptable Raman signal-to-noise ratios were less than 500:1, with 
drift (as height of signal) less than 1%.       
 
Prior to fluorescence measurement, samples were allowed to reach room temperature 
(approximately 25o C) and pH was re-checked.  In all cases, pH after storage was within 
a few points of the field value and was not adjusted further.  Filtered water samples 
were transferred to clean, rectangular 3.0 ml quartz cuvettes (1 cm path length).  Milli-Q 
water blanks were analyzed after every 5 to 10 water samples, and sample spectra 
were re-checked periodically for consistency.  
 
Samples were initially analyzed in single scan (Prescan) mode to identify potentially 
interfering Rayleigh and Raman peaks, and allow adjustments to the scan range and 
instrument settings, as needed.  Samples were scanned in 3-D mode to illuminate 
spectral details by scanning a range of excitation wavelengths at fixed wavelength 
intervals (∆λ).  The latter method produced a three-dimensional plot, with the matrix 
axes emission wavelength (X), excitation wavelength (Y), and fluorescent intensity (Z).  
Spectra were examined as contour plots in Perkin Elmer Winlab software, from which 
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excitation-emission wavelength pairs at maximum intensity were selected.  Spectra 
were examined as measured and were not diluted, corrected for Rayleigh and Raman 
scatter or submitted to blank-subtraction procedures.   
 
Fluorescence analysis was typically conducted within one day to 2 weeks of sample 
collection.  Periodically throughout the experiments, random samples were re-analyzed 
to determine if significant signal degradation had occurred during the holding time.  The 
filtered water samples proved to be fairly resilient, with no obvious degradation of 
fluorescent intensity during a holding time of 2 months or less, consistent with the 
findings of others (Coble, 1996; Parlanti, 2000; van Beynen et al., 2002).     
 
Dye Dilution Series   
 
Several series of uranine and sulforhodamine B dye dilutions in distilled and natural 
waters were prepared to test the effect of high ionic strength and DOM on the 
fluorescence intensity and detection of low concentrations of dye.  We compared the 
fluorescent intensities of dilute dye in Milli-Q water versus the same concentrations 
spiked with a fulvic acid standard from the IHSS.  The fluorescent intensity of uranine in 
Milli-Q water was also compared with the same concentrations of dye in several 
sources of natural well and spring water to determine the effects of local hydrochemistry 
on fluorescent properties and dye detection limits.  
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CHAPTER V 
RESULTS AND INTERPRETATION  
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Hydrochemistry 
 
The water quality of the sources sampled in this study are typical of the Valley and 
Ridge region in their reflection of source area  geology and a mixture of groundwater 
residence times (Lloyd & Lyke, 1995; Johnson, 2005; Krawczyk and Ford, 2006).  Table 
10 presents values of hydrochemical parameters, pH, temperature, Specific 
Conductivity, and ultraviolet (UV) absorbance for each season (Fall 2006 – late Summer 
2007), plus total organic carbon values for the Winter samples.  Data for wells and 
springs are summarized separately in Table 11.   
 
Values of pH ranged from 7.1 to 8.9, with the highest pH for most sources recorded in 
the summer samples; possibly related to sampling artifacts or to prolonged drought 
conditions.  Average Specific Conductivity (SpC) was 332 μS/cm/s2, with values ranging 
from 112 to 573 μS/cm/s2.  The lowest SpC were measured at springs located along the 
eastern edge of the watershed that receive recharge from clastic and metamorphic 
rocks.  Higher values were measured at wells and springs near the center of the Valley.  
The highest conductivity measurements (SpC > 500 μS/cm/s2) were recorded from the 
Jefferson City sources (Jarnigan well, Mossy Creek spring) which are affected by local 
zinc mining activity.  Groundwater temperatures hovered around 11.0 C in winter and 
19.0 C in summer for both wells and springs.   
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The maximum measured molecular absorbance was 0.16 cm-1 for wells and 0.36 cm-1 
for springs, with minimum values below the method detection limit (0.004 cm-1).  Many 
THM precursors are believed to be aromatic humic substances, and molecular 
absorbance and SUVA measurements have been used by public utilities since the 
1970s to test raw water for the potential to form THM (NTIS, 1972; Stewart and Wetzel, 
1981).  As an indicator, absorbance correlates poorly with THM in hard-water systems, 
however, where high molecular weight, hydrophobic compounds tend to be sorbed 
and/or precipitated (Table 2; USGS, 2006).  Our purpose here was to test absorbance 
in relation to fluorescence properties as groundwater DOM evolved throughout the 
seasons.  The results are discussed later in the text.               
 
The average DOC recorded from wells was 1.11 mg/L with a maximum of 3.36 mg/L.  
Average DOC for springs was 0.94 mg/L, with a maximum of 1.75 mg/L.  Given the 
relative carbon content of local soils (Table 7), well water was expected to have the 
higher DOC values, even though these values were measured during winter base flow 
conditions.    
 
Fluorescent Properties  
 
A snapshot of groundwater DOM at low base flow conditions was obtained by plotting 
excitation and emission wavelengths at maximum fluorescent intensity (single scan 
spectra) for the late Summer 2007 samples (Figure 8).  The data fell into five distinct 
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groups, and their corresponding fluorescence regions (Table 3) were adopted as the 
basis for the following DOM interpretations:   
-  Protein-like fluorophores (P1, P2), which plotted at the lowest   
 λEx/λEm;   
-  Fulvic acid-like (FA) and humic acid-like (HA) compounds, plotted 
 near the center of the graph at higher and lower excitation    
 wavelengths, respectively; and  
- An unknown component detected in late summer samples    
 (λEx/λEm = 275/600 nm).  This signal may be caused by    
 Chlorophyll-a and other algal metabolic products (AL), since some   
 spring  based supplies were experiencing nuisance algae problems  
 at the time.  Other possibilities include the introduction of    
 anthropogenic material or vegetative secretions related to drought   
 stress. 
 
Three-dimensional synchronous scans were run on all samples for enhanced 
differentiation of DOM components.  Examples of the output from these scans are 
presented as contour “maps” in Figures 9 through 17, where λEx and λEm are on the x- 
and y- axes, respectively, and fluorescent intensity (I) is represented on the z-axis.  
Fluorescence peaks, referred to as “centers” or “regions”, at maximum intensity were 
determined manually from these plots in the Perkins-Elmer Winlab software (profile and 
plan view).  The corresponding data are presented in Tables 13 and 14.   
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The scan range was gradually expanded as the study progressed, from approximately 
λEx  = 250 – 450 nm, to λEx  = 220 – 600 nm.  This was done incrementally, as it 
became apparent that DOM composition was constantly changing. Throughout the latter 
half of the study period, most sources exhibited the spectra of at least two distinct 
fluorophores, usually fulvic acid in combination a protein or humic acid.  In most cases, 
this shift in scan range precludes the direct comparison of samples from the same 
source at different time periods, but illustrates the evolving DOM quality over time, as 
discussed below.      
 
Figures 9, 10, and 11 depict the spectral properties of two springs located within 10 
miles of each other, at the northern end of the study area in Carter County.  Figure 9 
shows the background fluorescence signature of Big Spring (GWUDI) at 2007 winter 
baseflow (left), and a week later (right), less than 3 days after a 50-mm winter rain 
event.  The first sample is characterized by a moderately intense fulvic acid-like peak (I 
= 955 ), while the second, post-rainfall sample exhibits a strong humic acid-like peak (I 
> 1000 ).   Figure 10 presents the fluorescence behavior at nearby Hampton Spring 
(non-GWUDI) during the same period.  This large spring exhibits a clear fulvic acid peak 
in both samples and a more muted response to the rain event (I < 225).  Figure 11 
compares both springs again under late summer, baseflow conditions (September 
2007).   Big Spring shows a low-intensity fulvic acid peak near the center of the graph 
and one or two protein peaks at the short wavelength end of the scan range, while 
Hampton Spring’s response to the drought is similar.   
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The spectral behavior of Troutbelly Spring, a non-GWUDI source near the northern 
extent of the study area is presented for January and September 2007 in Figure 12.  
Even though fulvic acid-like fluorescent intensity is strong in the January, post-rain 
event sample (I < 1000), the late summer sample shows an almost identical pattern at 
moderate fluorescent intensity (I = 430).  This spring, like most of those in the northern 
study area, is located in a mountainous, forested area.  
 
Figure 13 expresses the fluorescence characteristics of Cave Spring, a non-GWUDI 
source located source at the southern end of the study area near Hixon, TN.  The 
spectra on the left exhibit very low fulvic acid-like fluorescent intensity (< 25 units) in the 
March 2007 sample.  For the September 2007 sample (right), the spectra show an 
order-of-magnitude difference in the fulvic acid range, and strong intensity in the lower 
wavelength range of protein-like fluorescence.  Figure 14 illustrates the DOM stability of 
the nearby Hixon well (non-GWUDI), in that while the fluorescent intensity of the 
September sample is greater than that of the March sample, the pattern of the spectra 
are nearly identical.       
 
Figure 15 shows the seasonal contrast in winter versus late summer fluorescence in the 
Elks Club well, a non-GWUDI source near Erwin, in the northern tier of the study area.  
The sample on the left was collected less than 3 days after the 50-mm winter rain event, 
and shows a relatively intense (I = 910) fulvic acid (and protein, I > 1000) signal.  The 
sample on the right was collected in late summer, and shows negligible fulvic acid-like 
fluorescence (I < 30) and high intensity in the lower wavelength range indicative of 
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proteins released during hot, dry climatic conditions.  Even though located more than 
250 km apart, the Hixon well and the Elks Club well, both non-GWUDI, exhibited similar 
responses to the drought.   
 
Figures 16 and 17 illustrate the spectral responses of Railroad well and Athens #7 well 
(both GWUDI), located in the northern and south-central portions of the study area, 
respectively.  In January 2007, the Railroad well exhibits a strong fulvic acid signal and 
a lesser protein (P2) signal.  While no January sample was available, in March 2007, 
the Athens #7 well showed no significant fulvic acid signal, and strong protein (P1, P2) 
spectra.  Both wells exhibited greatly subdued fluorescent intensities during the fall 
sample event.  The two wells are both GWUDI but located in very different source 
areas.  Railroad well is in an area of high topographic relief, dense vegetation, and deep 
soil cover, despite having some industrial impacts.  The Athens well is located in a low 
relief area and is likely to be influenced by surrounding farmland, residential 
septic.systems, and a nearby losing stream.  Both wells are examples of situations 
where the background fluorescent properties may be the product of several potentially 
inferring factors.    
 
Spectral data for springs and wells are presented in Tables 13 and 14, respectively.  For 
each season, fluorescent properties are described in terms of excitation/emission 
wavelength ratios (λEx/λEm), signal intensity (Relative Fluorescent Intensity; RFI), and 
dominant fluorophores.  The λEx/λEm centers are the basis for the interpretation of 
fluorophore composition¸and the RFI values can be related to fluorophore concentration 
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and source (Senesi, 1991; Hautala et al., 2000; Coble, 1996).  Fulvic acid was the most 
commonly detected DOM component for both wells and springs in winter.   
 
Almost all springs in the northern section of the study area (Erwin, Elizabethton, 
Mountain City) had a humic acid spectral signal in winter, post-rain event samples.  
Hampton and Rambo springs were the exceptions, and could have exhibited humic 
peaks not present on the sample date or obscured by other fluorophores.  Only one 
GWUDI well exhibited a humic acid signature (Railroad) in the winter sample.  Winter-
time, post-rain event  fluorescent intensity in most wells was less than 200 RFI units, 
with the exception of the Jarnigan and Railroad (GWUDI) wells, and the Elks Club well 
(non-GWUDI). 
 
All wells exhibited variable protein peaks in spring and summer samples, as fulvic acid 
fluorescence decreased or fell below detection limits.  Some GWUDI wells (Athens 4, 7, 
and Jarnigan) maintained protein fluorescent intensity above the limits of the instrument 
throughout the warm weather season.  All springs exhibited high or increasing protein-
like peaks and a corresponding decrease in fulvic acid-like fluorescence as year 
progressed.  Protein became the dominant summer fluorophore in most GWUDI 
springs, while non-GWUDI springs maintained significant levels of fulvic acid 
throughout.  Cave spring and Cannon spring both showed a strong summer humic peak 
in samples collected a day after a 25-mm (1-inch) rain event.        
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Figures 18 and 19 compare winter versus summer λEm variations for several GWUDI 
and non-GWUDI springs and wells.  Most GWUDI springs exhibited 40 to 60 nm shifts 
in emission wavelengths between cold and warm seasons, while most of the non-
GWUDI springs showed less than 10 nm difference in λEm.  Hampton Spring (HPN) is 
the exception, possibly because of numerous anthropogenic sources of wastewater 
(septic systems) located in the vicinity of the discharge point.  GWUDI wells showed a 
seasonal, but less pronounced drop in λEm, while the non-GWUDI wells had less 
conclusive results.   
 
The seasonal fluorescence trends of DOM are more clearly presented as scatter plots 
of λEx/λEm in Figures 20 and 21.  As might be expected, well data are more tightly 
clustered than the spring data, which is probably a function of the wells having much 
smaller immediate recharge areas and less mixing.  Fulvic and occasionally humic acids 
were the dominant DOM components for both sources in winter, while spring and 
summer samples showed a distinct shift towards protein fluorescence.  Four out of the 
14 springs exhibited long wavelength signals attributed to unidentified proteins or algal 
products.  The flush of proteins in late summer samples seemed to correspond with the 
appearance of the algal signal, indicating a relationship between proteins and 
cyanobacteria or algal productivity.   
 
The Absorbance versus λEm graph (Figure 22) mirrored the progressive seasonal 
pattern of DOM evolution for both wells and springs.  UV absorbance is a surrogate for 
DOC, which drops steadily DOM is biodegraded and depleted, temperatures increase 
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and recharge events decrease in frequency.  The fact that UV absorbance drops to 
such low levels in the spring samples, however, indicates that it might not be the most 
sensitive indicator of DOC, or THM precursors, for summer samples.     
 
Fluorescence region variations for all sources are summarized in Table 16.  The 
fluorescence centers for fulvic acids varied most in the winter samples, with non-
GWUDI wells having an 8.0% variance in emission wavelength, compared with 5.7% for 
GWUDI wells and 5.4 - 6.3% for all springs.  Fulvic acid and protein emission 
wavelengths for wells were consistent in summer, having 0 to 1.6 % variance.  Most 
wells did not exhibit fulvic acid spectra at all in summer samples. GWUDI springs 
exhibited quite variable protein emission wavelengths in spring and summer samples 
(8.6% and 8.2%, respectively), which could be indicative of more than one type of 
protein, perhaps from different sources.  In contrast, the  
protein emission wavelengths of non-GWUDI springs varied by only 2.0% in summer.  
 
Fluorescent intensity values varied across the full spectroscopic scan range (20 – 1000 
units), regardless of source status.  Several non-GWUDI wells and springs (Hixon well, 
White Pine well A, Cave Spring, and O’Brien Spring) maintained comparatively low 
fulvic acid-like fluorescent intensities during all seasons (< 300 units).  Other non-
GWUDI sources could not be differentiated from GWUDI sources on the basis of 
Intensity, and exhibited maximum fulvic and protein-related fluorescent intensities (> 
1000 units) during winter and summer months, respectively.  Although protein 
fluorescence increased in all sources in warmer months, it varied less in terms of 
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intensity.  Humic acid peaks were rare, but intensely fluorescent when present, allowing 
a glimpse of the concentrated reservoirs of refractory material occasionally mobilized 
through the system.  
 
As shown in Figure 23, winter samples exhibited the greatest variation in fluorescent 
inteinsity (I) for all seasons and groundwater sources.  High fluorescent intensity in the 
winter is thought to correspond with increased recharge and the input of freshly 
degraded leaf litter and other organic material from the surface (Baker and Genty, 
1999).  This winter “flush” effect varies according to latitude, altitude and climate, and 
has been reported in winter to early spring, depending on local freeze/thaw conditions.  
Winter spectra may reflect increased DOM transport through fractures, fissures, and 
macropores, facilitated by increasing hydraulic gradient, soil saturation, and storm 
severity (van Beynen et al., 2001; Genty and Deflandre, 1998; Mulholland, 2003). 
 
Figure 24 relates the seasonal fluorescent intensity (summer versus winter) and the 
topographic relief of all the sources.  This graph was developed for humic fluorescence 
only, omitting the strong protein fluorescence exhibited in late summer.  There appears 
to be a positive relationship between areas of greater topographic relief and stronger 
humic substance fluorescence evident for all groundwater sources, regardless of 
season.  The relationships between DOM fluorescent properties and environmental 
factors are explored further through the statistical analysis that follows.   
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Pearson Correlations 
 
Pearson correlation coefficients were calculated to highlight relationships between 
environmental variables and optical properties of DOM.  Relative fluorescent intensity 
and emission wavelength were considered as variables along with topographic relief, 
Specific Conductivity, water temperature, and latitude (Table 16).  Strongly significant 
correlations were defined within 0.01 standard deviation, while a significant correlation 
occurred within 0.05 standard deviations.   
 
Neither fluorescent intensity nor emission wavelength were significantly correlated with 
any of these factors.  Emission wavelength was weakly, negatively correlated with relief 
and latitude. Relief was strongly positively correlated with latitude, and temperature 
negatively so, which is not surprising since the highest elevations and most rugged 
terrain are found at the top of the watershed.  Relief was also negatively correlated with 
SpC, which reflects slower recharge rates and longer residence times in valley aquifers 
versus those at the foot of the Blue Ridge.   It is likely that the most important 
parameters are related to vegetation type and soil depth, which were not considered in 
the Pearson analysis.   
 
Principal Components Analysis  
 
Potential relationships between DOM fluorescence and environmental variables and 
processes were evaluated by applying principle components analysis (PCA) to the data.  
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Standard PCA was carried out on the complete database for all four seasons, as well as 
separately, on the dataset for each season, using Excel Add-in software (van den Berg, 
2008).  The data set was set up as a matrix consisting of four seasons by 9 parameters 
unique to each source water area: soil type, relief, latitude, excitation wavelength, 
emission wavelength, fluorescent intensity, Specific Conductivity, pH, and water 
temperature.   
 
Raw data were standardized by calculating for each data point (x), Z = (x-μ)/σ, where μ 
= parameter mean, and σ is the standard deviation of the parameter. This normalized 
the variability between -1 and 1, but resulted in the assignment of significance to 
multiple parameters.  Interpretation was further refined through the rotation of principal 
component loadings, a step involving a mathematical operation utilized in factor 
analysis (van den Berg, 2008). 
 
PCA identifies relationships between the variability of each principal component or 
process, and one or a number of parameters by how heavily each factor loads on the 
principal component.  The first two principle components account for the majority of the 
explained variance, while the significance of the third component drops off rapidly.  The 
ratio of all explained variance in the database is represented by the ratio between the 
eigenvalue of a specific principal component and the sum of all eigenvalues (Figure 25).   
 
The results of the first three principal components on both the complete and individual 
season data are presented in Figures 26 and 27.  An arbitrary cutoff value of +/- 0.60 
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was used for factor loadings.  For the combined data (Fig. 26), A270 clearly dominates 
the first and second principal components.  The seasonal data (Fig. 27) reveal strong 
correlations between fluorescent intensity and absorbance for all samples (first and 
second components).  Specific conductivity and excitation wavelength loaded heavily on 
the second principal component in fall and winter samples, while second component 
results for spring and summer were inconclusive.  The distinct differences in the second 
principal component characteristics between spring-summer and fall-winter samples 
may be related to vegetation effects. 
 
Short Term DOM Variations in a Forested Watershed 
 
To examine temporal variations in DOM on a finer scale, we observed the fluorescent 
properties of a karst spring over a week during which several small rain events took 
place.  An ISCO (6712 Series) automated sampler was installed at Clear Creek spring 
(Norris Water Department), a GWUDI source discharging from Knox Group carbonates.  
The spring is surrounded by a protected, forested watershed (2300 acres) in steep 
terrain, with shallow depth to bedrock across most of the site.  The spring is located on 
a well-defined fracture and appears to be in hydrologic connection with an adjacent 
sinking stream.       
 
The ISCO sampler was programmed to automatically collect 1- liter samples directly 
from the springbox at 8-hour intervals from June 1 through June 6, 2007.  Average pH, 
temperature, and Specific Conductivity values measured during the monitoring period 
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were 7.8, 14.9 C, and 220 uS/cm s-1, respectively.  Despite the drought, several small 
storms occurred during the monitoring period.  Rainfall and daily turbidity (NTU) data 
were recorded at the Town’s water filtration plant nearby.  Data for the period are 
reported in Table 16.   
 
Fluorescent intensity and emission wavelength are plotted as a time-series in Figure 28.  
The approximate timing of four small rain events, 22.6, 0.76, 5.6, and 2.3 mm at 24, 48, 
72, and 100 hours, respectively, are indicated by arrows.    Fluorescent intensity, the 
bottom curve, peaked at the spring within 10 hours of the first two storms, while DOM 
quality (λEm, top curve) maintained a fulvic acid-like signature.  Two large intensity 
peaks appeared about 24 hours and 48 hours after the third storm, preceded by a large 
λEm shift toward longer wavelengths.   
 Very low diurnal fluctuations in intensity can be inferred below 200 units.   Turbidity 
data, although not timed in sequence with the samples, did show an increase within 24 
hours of the first and largest storm. 
 
The sharp peaks in intensity and DOM quality are indicative of rapid recharge through 
fractures and conduits, with a nearby source of recharge reflected in the short lag time 
between rainfall and spring response.  The latter two peaks may represent runoff or 
DOM released from storage at some distance from the springbox, or slower response 
times as the soil moisture deficit recovers.  Though we did not have flow monitoring on 
this spring, Cruz et al. (2005) and others have found that peak fluorescent intensity 
coincides with high discharges in karst systems.   
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For the most part, the emission spectra was that of fulvic acid, with the broader peak at 
λ = 600 nm possibly resulting from a slug of Chlorophyll a being flushed through the 
system.  No humic acids or proteins were detected in the spectra, which could be a 
reflection of the thin soils and cooler temperatures found in a forested catchment, as 
well as the absence of septic systems and other effluent sources in the vicinity.        
 
 Dye Dilution Experiments 
 
For these groundwater sources, dilutions of very low concentrations of fluorescent 
tracer dye in several sources of groundwater indicated no significant difference between 
the spectral signals of filtered water versus unfiltered water (Appendix III, Figure 1).  
This reflects the relatively low turbidity sustained at these groundwater sources during 
the sampling period, and shows that the dominant fluorophores were truly dissolved 
rather than colloidal.  Note the slope of the regression line for solution fluorescent 
intensity in natural waters increases rapidly compared to the slope of dye fluorescence 
in distilled water.  The additive quenching effect that DOM has at increasing dye 
concentrations was clearly documented in this experiment (Kass, 1998; Aley, 1999).  
   
Dye dilutions with added CaCl2 were conducted to assess fluorescence quenching 
related to increased ionic strength.  The results were inconclusive, as we observed both 
suppressed and enhanced fluorescent intensities associated with Ca 2+ saturation (not 
shown).  While higher ionic strength solutions have been reported to suppress dye 
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fluorescence, our results agree with previous experiments on the effects of salinity on 
fluorescent intensity that show mixed results (Parlanti et al., 2000; Jaffe et al., 2008).   
 
Experiments to illustrate the quenching effects of fulvic acid in combination with high 
ionic strength on dye fluorescence were more conclusive.  A 0.2 μg/L solution of uranine 
in Milli-Q water had a fluorescent intensity (as indicated by height-to-base of the 
emission peak) of just under 100 relative fluorescent intensity units (I).  After the 
addition of 1 mg/L of IHSS fulvic acid standard (Suwanee River fulvic acid) and 1 mM 
CaCl2,  the fluorescent intensity of the same dye solution was suppressed to about 25 
units (Appendix III, Figure 2).  The fulvic acid concentration was increased to 3 ppm with 
minor effects.   
 
A third experiment to test the difference in relative fluorescent intensity of dye dilutions 
in natural waters was conducted on several of the sources in in this study.  At 0.8 μg/L 
uranine, the Hixon well had the highest fluorescent intensity at 400 units, with Hixon’s 
Cave spring, Jefferson City’s Mossy Creek spring and Jefferson City’s Jarnigan well 
fluorescing at nearly the same intensity (about 350 units).  In contrast, the intensity of 
identical concentrations of dye in the Norris spring (Clear Creek spring) lies substantially 
below the other sources, at 140 units (Appendix III, Figure 3).  The difference is 
apparently due to inner-filtering/quenching effects resulting from fulvic acid generation in 
a completely forested watershed, as opposed to the grassland and suburban-dominated 
recharge areas surrounding the Hixon and Jefferson City sources.   
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CHAPTER VI 
CONCLUSION 
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Summary 
 
This study has produced the first known sub-watershed – scale inventory of background 
fluorescence in carbonate aquifers of the southern Appalachian region.  The 
fluorophores detected in these community groundwater supplies had properties similar 
to those previously published for natural dissolved organic matter (Rosario-Ortiz et al., 
2007; Baker and Lamont-Black, 2001; Mostofa et al., 2007) and varied both with season 
and hydrogeologic setting.    
 
The wells and springs monitored during this study exhibited spectra of multiple 
fluorophores, interpreted as consisting of predominantly fulvic acids in the winter and 
spring months, humic acids only in response to significant recharge events, and protein-
like and chlorophyll-like compounds in summer to early fall.  This pattern reflects a 
pronounced seasonal shift in DOM composition throughout the year, as freshly 
introduced organic matter from leaf litter and the herbaceous layer is biodegraded and 
undergoes diagenesis.  Previous studies have shown such trends in temperate 
climates, where humification is facilitated by precipitation and recharge, and the majority 
of annual DOM inputs pass through the soil/groundwater system in winter (Zech et al., 
1997; McKnight et al., 2001; Senesi et al., 1991; Buckingham, et al, 2007).   
 
Fulvic acid-like fluorescent intensity progressively decreased throughout winter and 
spring.  Humic acid peaks were rarely observed in low-risk (non-GWUDI) and high-risk 
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(GWUDI) sources, and then only in response to rain events, as pulses of refractory 
material released from storage in the epikarst.  Protein-like fluorescence increased 
dramatically during warm weather, possibly due to an increase in soil microbe 
productivity, or drought-related soil moisture deficits and plants stress (root exudates). 
   
The drought also had some likely effect on DOM in groundwater related to changes in 
source material, less efficient recharge and transport, and less runoff (McGarry and 
Baker, 2000; Cruz et al., 2005).  At many sites in the Southeastern US, the 2006-2007 
drought set new records for temperature, minimum flows and below-normal 
precipitation.  These extreme conditions could have temporarily (or permanently) altered 
subsurface flow paths in some groundwater sources as a result of root death, 
enlargement of soil dessication cracks, and subsidence.   
 
Lag times between baseline and elevated fluorescent intensity, DOC concentration, and 
other hydrochemical attributes appear to be both predictable and somewhat unique to 
each source, depending on several environmental factors.  Season/climate, vegetation, 
slope/topography, and soil type/depth all correlated with fluorescence to varying 
degrees, although to quantify these relationships would call for more refined techniques.  
One important factor that was not evaluated in this study was the relative position of a 
specific spring or well in the watershed.  Previous studies have illustrated the benefits of 
monitoring DOM fluorescence at various points within a catchment for the purpose of 
assess DOM dynamics and evolution across the basin (Baker and Spencer, 2004; 
Rosario-Ortiz et al., 2007).       
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This study confirmed that some groundwater systems can be highly sensitive to small 
storms recharge events, especially at base flow conditions.  The complex, and nearly 
immediate, pattern of fluorescence response to small storms appears to be indicative of 
not only surface water – groundwater interconnections, but also of interactions between 
the shallow aquifer, vegetation, diurnal cycles, and other features of the watershed.  
The frequency with which sudden, short-term variations in fluorescent intensity occur 
have important implications for the timing of low-concentration dye traces and the 
application of fluorescent biomarkers.  The results indicate that extremely low dye 
detection limits are possible within certain wavelength ranges, as long as adequate 
background characterization is performed prior to dye selection.  In the Mid-Atlantic and 
Southeastern US, background fluorescence with the potential to interfere with common 
tracer dyes (λEm =  450-530 nm) is most likely to occur during the winter months due to 
the prescence of fulvic and humic acids, or in late summer as a result of photosynthetic 
by-products such as Chlorophyll-a.      
 
 
 
Hypothesis Validation 
 
This study provided substantial evidence to support both working hypotheses, however, 
additional research is needed to determine the correlations between the complex array 
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of watershed characteristics and external factors interacting in these systems.  The 
original hypotheses are accepted or refuted as follows: 
 
1.  Refuted:  While there does appear to be a predictable connection between 
fluorescent signature and season/climate unique to each groundwater source, 
high background fluorescence is not limited to the winter months.  Fluorescent 
intensity peaked at different ends of the UV/visible spectrum at different times 
during the year.  Fluorescent intensity was generally greatest at the longer 
emission wavelengths (> 400 nm) during the winter and spring months, while 
short-wavelength fluorescence intensity (< 400 nm) peaked in the summer and 
early fall.  This warm weather fluorescence had not been previously anticipated.  
 
2.  Inconclusive:  In carbonate aquifers, background fluorescence is highly sensitive 
to both internal and external inputs of DOM and contaminants.  The presence of 
multiple fluorophores and the variety of sources and site variables considered 
complicated this analysis.  Some low-risk springs and wells clearly exhibited 
suppressed responses to the few rain events recorded during 2006-2007, yet 
others varied more widely in fluorescent intensity and fluorophore composition.  
These differences could be related to the lack of previous knowledge about these 
sources, the influence of undetermined anthropogenic fluorophores, or to other 
unknown site-specific factors.  Most high-risk springs and wells expressed 
significant variations in fluorescent intensity and fluorophore composition but the 
sampling scale was insufficient for gleaning clues to the causation.  While some 
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correlations were evident, such as the co-occurrence of proteins and algal 
products, their relationships are unclear.  Further studies are needed to 
determine how to differentiate between proteins derived from wastewater 
effluents versus naturally generated forms.  A dataset such as this should also be 
supported by a comprehensive Geographic Information System (GIS) analysis 
for land use, soil, and vegetation characteristics (grassland versus forest) in the 
watershed.  The use of parallel factor analysis software, such as PARAFAC, and 
other advanced imaging tools are warranted for the finer differentiation of multiple 
fluorophores when applied to complex and contaminated systems.  
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Research Recommendations 
 
The results point out the need for focused research on the function of the soil and 
epikarst in relation to recharge and biogeochemical trans-formations in the karst 
aquifers.  Given the drought conditions under which these data were collected, spectral 
numbers may only be relevant as an indicator of DOM dynamics only at base flow 
conditions.  Fluorescence fluctuations should also be monitored at various points 
throughout a given watershed to infer flow processes and identify suspected nonpoint 
sources and discrete inputs into aquifers. 
 
The findings suggest that DOM fluorescence could serve as a sensitive environmental 
tracing tool, especially in combination with discharge rate, water table elevation, water 
quality parameters and tracers, such as stable isotopes and fluorescent dyes.  The 
literature review for this thesis pointed to the need for research on DOM in the 
subsurface, particularly the function and form of fluorescent dissolved organic matter in 
soil and groundwater.  A better understanding of DOM quality and transformation could 
be obtained through monitoring programs conducted on multiple levels and scales, 
along biogeochemical gradients.  Future research should focus on the relationships 
between proteins, humic substances, and chlorophyll, as well as the differentiation of 
proteins from various sources.   The prevalence of proteins and chlorophyll-a in the 
aquatic environment suggests that fluorescence could be used to detect microbial by-
products in real time and at various stages along a flowpath.  This could enhance the 
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dearly detection of hazardous disinfection by-products and harmful algae (cyanotoxins) 
in drinking water treatment.  Overall, organic matter fluorescence shows great potential 
as a biogeochemical proxy for measuring the long-term ecological effects of climate 
change and land use conversion, and for the enhanced detection of waterborne 
pathogens and pollutants.   
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Table 1.  Characteristics of Community Wells and Springs Included in this Study  
     
 
 TDEC Designation  Source Characteristics                                                                                                                                                
 
GWUDI source   Carbonate bedrock with a high density of karst features, thin silty    (high 
risk)   soils (< 10 m thick), rapid flow response to rain events, likely    
  presence of E. coli and coliform. 
  
 Non-GWUDI source  Carbonate bedrock with no or few karst features, thick clay  (moderate to 
low risk)  residuum (often > 30 m thick), muted response to rain events,    
  rare E. coli and  coliform. 
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Table 2.  Characteristics of Fractionated DOM (after Kramer et al., 1990) 
 
      Low Molecular Weight      High Molecular Weight    
           (fulvic acid)                     (humic acid)                              
 
 1.  Strong acids (pKa = 2-5)  1.  Weaker acids (pKa= 7-10) 
  
 2.  Multiple functional groups;  2.  High in carboxyl functional groups;                  
limited metal complexation       forms complexes w/ Al, Fe, Cu     
  
 3.  Biodegradable    3.  Stable  
      Annual to decadal turnover        Centennial to millenial turnover                
    
4.  Metabolites related to   4.  By-products of chemical and  
      microbial productivity        enzymatic processes 
 
   5.  Mobile, no long-term soil retention 5.  Highly sorptive, recalcitrant  
  
 6.  Predictable seasonal patterns 6.  Subject to sudden fluctuations  
      in groundwater         in groundwater  
      
 7.  High fluorescent intensity  7.  Low fluorescent intensity 
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Table 3.  Approximate Fluorescence Regions for DOM Components in Carbonate Groundwater   
 
Interpretation   λ Excitation/ λ Emission (nm) Setting   Reference 
 
      
Fulvic acid (FA)       290-340/380-430   Cave drip waters   Baker & Genty, 1999 
    313-324/405-409  Carbonate wells & springs  Baker & Lamont-Black, 2001 
    320/424   Carbonate wells, streams  Mostofa et al., 2007 
 
 
Humic acid (HA)  220-250/400-480  Carbonate wells, springs   Baker & Spencer, 2004 
        Carbonate wells, streams  Mostofa et al, 2007 
              
 
Proteins:  Type P1  275-280/335-350   Carbonate wells, springs  Baker & Spencer, 2004  
 (Tyrosine)     265-280/310-420       Rosario-Ortiz et al., 2007 
 
                 Type P2  230-280/300-350     Carbonate wells, springs  Baker & Spencer, 2004  
 (Tryptophan)           Baker & Lamont-Black, 2001 
 
Chlorophyll a   350-460/640->665   Lakes, reservoirs   Turner Systems, 2007  
             Friedman and Hickman, 1972 
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Table 4.  Water Systems Participating in this Study                                                                                                                    
 
     Public Water System  Source(s)     GWUDI Status                                                                                                                
 
  
    Hixon Utility District   Cave spring    no 
      Main Well      no 
     
    Ocoee Utility District  Carpenter spring  yes 
 
    Athens Utility District  Ingleside spring  yes 
 Well 4      yes 
 Well 7    yes 
   
    Sweetwater Water Dept. Cannon spring     no 
 
    Oliver Springs Water Bd. Bacon spring   yes 
 
    Norris Water Commission  Clear Creek spring  yes 
 
    Jefferson City Water Dept. Mossy Creek spring  yes 
      Jarnigan well    yes 
 
    White Pine Water Dept.  Well A    no 
     Well B        yes 
 
    Erwin Utilities     OBrien spring  no 
      Birchfield spring  yes 
      Elks Club well  no 
      Railroad well   yes 
  
              Elizabethton Water Dept.  Hampton spring  no   
     Valley Forge spring  yes 
     Big spring   yes 
 
   Mountain City Water Dept. Troutbelly spring  no 
      Rambo spring  yes 
      Silver Lake spring  no 
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Table 5.  Hydrogeologic Profile of Springs   
 
 
 SOURCE   GEOLOGIC SETTING    DISCHARGE (liters/min)   GWUDI 
          Min    Max      Mean  Status 
 
 
 Carpenter spring Maynardville limestone (Conasauga Group)/ 1410      6167        3,313  Yes  
    Copper Ridge dolomite (Knox Group)    
      
 Cave spring  Knox Group/Newman limestone   136    74,246     29,732   No 
              
 Ingleside spring  Knox Group Kingsport/Longview dolomite 255    6983         4,197  Yes     
  
 Cannon spring  Knox Group Kingsport/Longview dolomite --    --         4,163*   No 
     
 Bacon spring  Knox Group/Conasauga Group   1597    21,917       6,966  Yes   
  
 Clear Creek spring Knox Group Kingsport/Longview dolomite --    --         3,772  Yes  
  
 Mossy Creek spring Knox Group Mascot dolomite   10,194    153,080    54,708  Yes 
  
 O’Brien spring  Shady dolomite     --     --         2,464*   No 
 Birchfield spring            Yes 
  
 Hampton spring  Rome Formation/Shady dolomite, faults  --     --          3,908   No 
 Valley Forge spring Rome Formation/Shady dolomite  --     --          1,869*  Yes  
 Big spring  Knox Group     3296         32,791     12,063  Yes  
   
 Troutbelly spring Rome Formation/Shady dolomite  --     --          8,801   No  
 Rambo spring  Rome formation    --     --            --  Yes 
 
 
 References: USGS WRIR 89-4205, USGS WSP 1755, * TN DTG Bulletin 58, TDEC, 2007 
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Table 6.  Hydrogeologic Profile of Wells                                                                                                                                                                                                           
 
SOURCE             GEOLOGIC SETTING  DEPTH m (ft) STATIC WATER PUMPING WATER YIELD   GWUDI 
        m (ft)    LEVEL m (ft)      LEVEL m (ft)   lpm (gpm)         Status 
                                                                                                                                                                                                                               
 
  Hixon #1                 €/θ  Knox Group   (405)     30 (220)       No 
  Athens #4               Upper θ               Yes 
  Athens #7               Upper θ               Yes 
  White Pine B          €/θ  Knox Group  (550)     52 (225)        350   (500)  No 
  White Pine A          €/θ  Knox Group  (350)          Yes  
  Jefferson City         €/θ  Knox Group  (250)       90 (   )       Yes 
  Erwin Elks              €  Rome Formation            No  
  Erwin Railroad       €  Rome Formation            Yes  
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Table 7.  Characteristics of Common East Tennessee Soils  
 
 
Soil  Horizon  Depth  % Clay   Ksat*  % Organic  
Series    (cm)  Content  (cm/sec) Carbon  
 
 
Dewey - A  0-25  17-27  1.0 - 3.0  
Bodine B  25-86  35-50  4.2 x 10
-4  
0.0 - 0.5 
  C  86-165  45-50  - 1.4 x 10
-3 
 0.0 - 0.5 
 
Fullerton A  0-33   16-22  0.4 - 1.6 
  B  33-104   26-36  1.4 - 4.2 x 10
-3
 0.3 - 0.1 
  C  104-~140    ~45        0.08 
 
Keener- A  0-23  18-32        2.25   
Statler  B  23-122  18-32  4.2 x 10
-4
     0.42   
  C  122-160 17-19  - 1.4 x 10
-3
     0.05   
* Saturated Hydraulic Conductivity   
Data from Soil Survey Staff 2007, National Soil Survey Characterization Data, Soil Survey Laboratory, 
National Soil Survey Center, USDA-NRCS – Lincoln NE. 
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Table 8.  Generalized Geochemistry of Carbonate Springs in the UTRB   
 
Parameter   Range (mg/L) 
  
   Ca+2        21      -   98 
   Mg+2          2.5   -   26 
   K          0.5   -     2.8 
   Si          4.5   -   10    
   Na          0.4   -     5.3 
   Br     <   0.01 -     0.04 
   Fl     <   0.1   -     0.2 
   SO-4         1.0    -    66 
   Mn     <  1.0    -  144 
  Total Fe     <  3.0    -    34 
   pH         6.7    -      7.8 
   Cl         0.7    -      8.9 
 
 
(Sources: Johnson, 2002; Hollyday and Smith, 1990; Debuchannane and Richardson, 1956)  
 
 
 
 
        104 
Table 9.  Instrument Settings for Perkin-Elmer LS55B Spectrophotometer 
 
scan range:   220 nm - 620 nm (initial - later reduced to 200 nm)  
∆λ:    15 nm   
ex slit:    4 nm - 5 nm  (dependent on maximum intensity)   
em slit:   3 nm - 4 nm  (dependent on maximum intensity) 
scan speed:   1000 nm/min 
emission increment:  10 nm 
number of scans:  15      
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Table 10.  Seasonal Hydrochemical Parameters for Springs and Wells  
 
 
Source ID    Season  pH     Temperature 
( 
O
 C) 
Conductivity 
(μS/cm/s
2)
 
Absorbance TOC 
(mg/L)   
 
Silver Lake 
spring 
 
Fall          F 
Winter    W 
Spring     S 
Summer  U 
- 
8.5 
- 
- 
- 
15.6 
- 
- 
- 
300 
- 
- 
- 
0.079 
- 
- 
- 
- 
- 
- 
Rambo 
spring 
F 
W 
S 
U 
- 
8.4 
- 
12.2 
- 
200 
- 
0.033 
- 
- 
- 
- 
Troutbelly  
Spring 
F 
W 
S 
U 
- 
8.3 
7.6 
8.9 
- 
12.5 
13.2  
12.7 
- 
151 
145 
112 
- 
0.034 
- 
- 
- 
- 
Big spring F 
W 
S 
U 
- 
8.0 
7.1 
7.9 
- 
13.0 
14.6 
15.8 
- 
277 
- 
384 
- 
0.162 
- 
ND 
- 
- 
- 
- 
Valley 
Forge 
spring 
F 
W 
S 
U 
- 
8.9 
8.0 
8.2 
- 
14.1 
16.3 
15.8 
- 
162 
224 
163 
- 
0.361 
- 
0.023 
- 
- 
- 
- 
Hampton 
spring 
F 
W 
S 
U 
- 
8.3 
7.5 
8.1 
- 
14.3 
14.3 
16.0 
- 
121 
151 
126 
- 
0.119 
0.002 
ND 
- 
- 
- 
- 
O’Brien 
spring 
F 
W 
S 
U 
- 
8.4 
8.3 
8.7 
- 
11.0 
14.8 
16.3 
- 
135 
300 
146 
- 
0.130 
0.023 
ND 
- 
- 
0.75 
- 
Elks Club 
well 
F 
W 
S 
U 
- 
8.2 
7.3 
8.6 
- 
12.3 
18.7 
15.9 
- 
187 
300 
204 
- 
0.163 
0.020 
ND 
- 
- 
1.129 
- 
Birchfield 
well 
F 
W 
S 
U 
- 
8.3 
- 
8.5 
- 
12.2 
15.2 
16.4 
- 
195 
267 
206 
- 
0.063 
0.012 
ND 
- 
- 
1.031 
- 
RR well F 
W 
S 
U 
- 
8.1 
7.5 
8.6 
- 
14.0 
17.2 
15.9 
- 
261 
384 
204 
- 
0.122 
0.024 
ND 
- 
- 
0.373 
- 
Jarnigan  
well 
F 
W 
S 
U 
7.2 
7.4 
7.4 
- 
16.5 
14.2 
14.3 
- 
282 
573 
457 
- 
0.029 
0.034 
- 
- 
2.528 
3.364 
- 
- 
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(Table 10 
continued) 
Source ID    
 
Season 
  
pH 
     
 
Temperature 
( 
O
 C) 
 
Conductivity 
(μS/cm/s
2
) 
 
Absorbance 
 
 
TOC    
(mg/L)    
Mossy 
Creek 
spring 
F 
W 
S 
U 
7.1 
7.4 
7.4 
7.8 
15.2 
14.0 
14.7 
15.3 
547 
567 
458 
452 
0.02 
0.03 
0.06 
ND 
1.75 
- 
- 
- 
WP well 1 F 
W 
S 
U 
- 
7.4 
- 
8.4 
- 
11.3 
- 
16.9 
- 
391 
- 
549 
- 
0.040 
- 
ND 
- 
0.884 
- 
- 
WP well 2 F 
W 
S 
U 
- 
7.4 
- 
8.5 
- 
14.7 
- 
16.8 
- 
545 
- 
463 
- 
0.028 
- 
ND 
- 
1.598 
- 
- 
Clear 
Creek 
spring 
F 
W 
S 
U 
7.4 
7.9 
7.8 
8.6 
14.7 
13.3 
13.7 
14.7 
305 
262 
239 
283 
0.018 
0.026 
- 
0.010 
0.87 
0.311 
- 
- 
Bacon 
spring 
 
F 
W 
S 
U 
7.3 
7.9 
7.4 
8.4 
14.4 
14.4 
14.4 
14.4 
240 
159 
328 
261 
0.015 
0.046 
0.013 
0.006 
0.867 
0.797 
0.758 
- 
Cannon 
spring 
F 
W 
S 
U 
7.1 
- 
- 
8.9 
19.1 
- 
- 
15.5 
286 
- 
- 
322 
0.021 
0.044 
- 
ND 
0.713 
0.339 
- 
- 
Ingleside 
spring 
F 
W 
S 
U 
7.5 
7.5 
8.0 
8.2 
18.3 
14.8 
15.8 
16.5 
262 
158 
296 
247 
0.025 
0.093 
0.003 
ND 
1.562 
- 
- 
- 
A4 well F 
W 
S 
U 
7.5 
7.2 
8.0 
8.2 
19.7 
12.7 
15.1 
18.8 
274 
194 
302 
289 
0.018 
0.019 
0.017 
ND 
0.818 
0.437 
- 
- 
A7 well F 
W 
S 
U 
7.5 
7.2 
7.5 
8.2 
18.5 
14.5 
15.1 
18.4 
301 
426 
325 
303 
0.018 
0.048 
0.011 
0.004 
0.716 
0.41 
- 
- 
Carpenter 
spring  
F 
W 
S 
U 
7.4 
- 
7.5 
8.3 
19.1 
- 
15.2 
18.2 
305 
-  
318 
300 
0.027 
0.021 
0.081 
0.053 
0.74 
- 
- 
- 
Cave 
Spring 
F 
W 
S 
U 
7.8 
- 
8.1 
- 
19.3 
- 
15.0 
16.0 
179 
- 
173 
201 
0.021 
0.027 
0.018 
0.002 
0.794 
0.635 
- 
- 
Hixon well F 
W 
S 
U 
7.9 
- 
7.7 
- 
17.5 
- 
15.7 
16.2 
202 
- 
253 
243 
0.014 
0.018 
0.011 
ND 
1.029 
0.51 
- 
- 
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Table 11.  Summary of Well and Spring Hydrochemistry 
 
WELLS pH Temperature 
( 
O
 C) 
Conductivity 
(μS/cm/s
2
) 
Absorbance TOC 
(mg/L) 
Max 8.6 19.7 573 0.16 3.36 
Min 7.2 11.3 187 <0.004 0.37 
Avg 7.9 15.6 332 0.02 1.11 
St. Dev. 0.3 0.9 111 0.02 0.80 
 
SPRINGS pH Temperature 
( 
O
 C) 
Conductivity 
(μS/cm/s
2
) 
Absorbance TOC 
(mg/L) 
Max 8.9 19.3 567 0.36 1.75 
Min 7.1 11.0 112 <0.004 0.31 
Avg 8.0 15.1 253 0.07 0.94 
St. Dev. 0.4 1.6 97 0.08 0.47 
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Table 12.  Spring Fluorescence Regions and Intensity by Season  
 
 
Source   Fall   Winter   Spring        Summer 
                 Ex/Em       I  DOM Ex/Em       I   DOM Ex/Em         I    DOM Ex/Em         I   DOM  
 
CARPENTER*  225/330   280 P2    300/360     575    FA 300/340     410   FA 
          225/330     225    P2 220/310    1000   P2 
  
CAVE    280/335     65 P1 275/335     40 P1 295/350       70    FA 290/350     305    FA 
          225/410       80    HA 220/300    1000    P2 
             225/380+  1000    HA 
  
INGLESIDE*        290/340     125    FA 300/340     100    FA 
          220/285     400    P2 220/290     575    P2 
  
CANNON  290/325     50 FA 270/345     60  P1    290/340     270    FA 
             225/305     400    P2   
             230/395     250    HA 
  
BACON*  330/380     70 ?? 295/380    140   FA 225/340     250    P2 225/340     750    P2       
      280/340    210   P1   
  
  
CLEAR CREEK*       300/340     860   FA 290/340      50    FA  
          225/310    1100  P2 220/310     740     P2 
  
MOSSY CREEK* 300/365     65  300/410    1000   FA 300/340     955  FA 295/330     100     FA  
235/365    1000  ?? 225/340      450    P2  
             220/300      600    P2 
               
 OBRIEN      295/340      200    FA    290/340      20      FA 
       225/325      335    P2    220/305     210    P2 
       220/410      260    HA                                                              
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Table 12., cont. 
 
 
Source   Fall       Winter   Spring        Summer  
              Ex/Em       I DOM Ex/Em        I DOM      Ex/Em        I  DOM   Ex/Em          I DOM 
 
BIRCHFIELD     295/370   1000   FA      290/340    70     FA  300/340    125  FA 
 
HAMPTON      300/390      955    FA      225/340    250   P2  300/340     110   FA 
                    245/330    210   ??  220/310     300   P2 
  
 VALLEY FORGE*    300/390      900   FA      210/310    1000  P2  300/340     960    FA 
       260/410     1100  HA      240/380      350  ??  225/310    1000   P2 
              225/390    1000   HA 
  
BIG SPRING*     300/400     1000   FA      270/340    100   P1  295/330     260    FA 
       260/410     1000   HA      220/310   1000  P2  225/340     280    P2 
              225/300     240    P2 
  
TROUTBELLY     295/370     400    FA     295/340     430    FA  
     225/310     600    P2     225/310     370    P2 
       230/390   1000    HA     230/400     930     HA  
              
 RAMBO*     290/410    1000   FA  215/295     980    P2 
       275/380    1100   P1    
 
SILVER LAKE     300/370     950    FA     215/295     900    P2 
       220/310     350    P2 
       230/410     915    HA 
* denotes GWUDI sources 
 
 
 
 Table 13.   Well Fluorescence Regions and Intensity by Season 
 
        110 
  
SOURCE   FALL         WINTER           SPRING        SUMMER  
    EX/EM        I      DOM EX/EM             I    DOM EX/EM              I      DOM EX/EM         I       DOM  
 _______________________________________________________________________________________________ 
 
HIXON WELL  275/330    30 P1 275/310     45 P1 295/350       20   FA 270/310       50    P1 
      
ATHENS 4*  275/330    70 P1 290/330     90 FA 220/310    1100   P2 220/295    1000   P2  
          290/350      140   FA 290/340       70     FA 
 
ATHENS 7*  275/370    26 P1 275/350     30 P1 225/310    1100   P2 220/310      580    P2 
          290/360      100   FA 295/340       90      FA 
 
JARNIGAN*      300/390  1000 FA 225/290      500   P2 OFFLINE 
          
WHITE PINE A*    225/300    330 P2    220/310       35      P2 
  
WHITE PINE B     225/290    150 P2    220/300       25      P2 
  
ELKS CLUB     300/360     910 FA 275/320      50    P1 220/310      450     P2   
     
RAILROAD*     290/370   1000 FA    290/340        40     FA   
      225/310   1000 P2    220/300      100    P2 
       235/415   1000  HA                                                                                                          
 * denotes GWUDI sources   
 
                                                                                                                                                
 
  
        111 
Table 14.  Descriptive Statistics for Groundwater Fluorescence Maxima 
 
Source       FDOM  Winter   Spring             Summer   
Group               Mean Ex/Em     % Var.             Mean Ex/Em     % Var.            Mean Ex/Em      % Var. 
 
GWUDI       FA  290/390           3.5/6.3  300/345              1.7/2.9     295/335 1.4/1.5 
springs        P2   --  --          --  --  225/325              2.4/8.6     220/320 1.5/8.2 
       P1  275/380            --   --  270/340  --  --     285/390   --   --   
           HA  260/410            --   --  --   --                 --   --       --   --    --  -- 
 
Non-           FA  295/360             4.1/5.4  295/350                 --  --      295/340  1.5/1.6 
GWUDI       P2   225/315           1.3/2.8  220/310  --   --        220/305  1.2/2.0 
springs      HA  225/405           2.5/2.9  225/410  --   --      230/400    --   --  
 
 
GWUDI       FA  285/350            3.0/5.7 290/350  0/2.8       290/340 0.1/0 
wells          P2  225/300              --   -- 220/300                1.1/0.8       220/300 0/0.2 
       HA  235/415              --   --    --   --  --   --         --   --        --   -- 
 
Non-        FA  300/375             3.0/8.0 290/345  1.0/1.2      300/340   --   -- 
GWUDI        P1             275/310                --   -- 275/320  --   --      270/320                --   -- 
wells        P2             225/300                --   -- 220/290  1.3/1.0      220/305               0.01/1.6 
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Table 15.  Statistical Correlations of Fluorescence Intensity and Watershed Variables   
 
Variable (FALL)    RFI  Relief  Emission SpC  Temp.  Latitude 
RFI  Principal Component     1.0  -.754  -.562  -.635   .866*  -.726 
  Significance    ---   .084   .246   .175   .026   .102 
  Number     6     6     6     6     6     6  
Relief  PC   -.754   1.0   .913**   .266  -.935**   .695** 
  S    .084   ---   .002   .429   .000   .000 
  N      6   22     8    11    11     22 
Emission PC   -.562   .913**   1.0   .314  -.778*   .766* 
Wavelength S    .246   .002    ---   .448   .023   .027  
  N      6     8     8     8     8     8 
SpC  PC   -.635   .266   .314   1.0  -.377   .491 
  S    .175   .429   .448    ---   .253   .125 
  N       6     11     8    11     11     11 
Temp.  PC    .866*  -.935**  -.778*  -.377   1.0  -.843** 
  S    .026   .000    .023   .253    ---   .001 
  N      6     11     8      11    11    11 
Latitude  PC   -.726   .695**   .766*   .491  -.843**    1.0 
  S    .102   .000   .027   .125   .001     --- 
  N      6    22     8    11    11    22 
 
Variable (WINTER)   RFI  Relief  Emission SpC  Temp.  Latitude 
RFI  PC    1.0   .522*   .739**   .322   -.207   .709** 
  S    ---   .046   .002   .241    .460   .003 
  N     15     15        15      15     15      15  
Relief  PC    .522*   1.0    .426   -.476*   -.456*   .695** 
  S    .046    ---    .100    .034    .043   .000 
  N      15   22     16      20     20     22 
Emission PC    .739**    .426   1.0    .217  -.007  .734** 
Wavelength S    .002    .100    ---    .437   .982   .001  
  N      15      16     16      15     15     16 
SpC  PC   .322   -.476*    .217    1.0   .152   .057 
  S    .241     .034    .437    ---   .523   .812 
  N       15       20      15    20     20     20 
Temp.  PC    -.207   -.456  -.007   .152   1.0  -.488 
  S     .460    .043    .982   .523    ---   .029 
  N       15     20      15      20    20    20  
Latitude  PC    .709**   .695**   -.734**   .057  -.488    1.0 
  S    .003   .000    .001   .812   .029     --- 
  N      15     22     16    20    20    22 
Table 15, cont.    
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Variable (SPRING)   RFI  Relief  Emission SpC  Temp.  Latitude 
RFI  Principal Component  1.0  -.131  -.305   .060   -.266   .246 
  Significance   ---   .615   .233   .819    .303   .340 
  Number     15     17        17      17     17      17  
Relief  PC    .522*   1.0   -.571*   -.161   .227   .695** 
  S    .046    ---    .017    .510   .349   .000 
  N      15   22     17      19    19     22 
Emission PC    .739**   -.571*   1.0   -.143  -.215   -.744** 
Wavelength S    .002    .017    ---    .583   .407   .001  
  N      15       17     17      17     17     17 
SpC  PC    .322   -.161   -.143   1.0   .218   .065 
  S    .241    .510    .583    ---   .371   .790 
  N       15     19       17    19     19     19 
Temp.  PC    -.267   .227  -.215   .218   1.0  -.077 
  S     .303   .349    .407   .371    ---   .755 
  N       17     19      17      19    19    19 
Latitude  PC     .246   .695**   -.744**   .065  -.077    1.0 
  S     .340   .000    .001   .790   .755     --- 
  N      17    22     17    19    19    22 
Variable  (SUMMER)   RFI  Relief  Emission SpC  Temp.  Latitude 
RFI  PC    1.0   .244   .050  -.239   -.266   .199 
  S    ---   .286   .828   .297    .244   .386 
  N     21     21        21      21      21      21  
Relief  PC    .244   1.0   -.359   -.548*   -.525*   .695** 
  S   .286    ---    .109    .010    .014   .000 
  N      21   22      21      21     21     22 
Emission PC    .050   -.359   1.0   -.097   .327  -.306 
Wavelength S    .828    .109    ---    .676   .148   .177  
  N      21       21    21      21     21     21 
SpC  PC    -.239  -.548**   -.097   1.0   .226  -.028 
  S     .297    .010    .676    ---   .324   .905 
  N       21      21       21     21     21     21 
Temp.  PC    -.266   .525*   .327   .226   1.0  -.627** 
  S     .244   .014    .148   .324    ---   .002 
  N       21     21      21      21    21    21 
Latitude  PC     .199  -.695**   -.306   .028  -.627**   1.0 
  S     .386   .000    .177   .905   .002     --- 
  N       21    22      21    21    21    22 
*  significant at 0.05 level for 2-tailed test ** significant at 0.01 level for 2-tailed test 
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   Table 16.  Rainfall and Spectral Data for Clear Creek Spring, June 2007   
 
 
 Date  Precipitation (mm) Hour RFI          λEx/λEm (nm)    
       
 
 
 1  -  -     8 200 
   -  -   16 205  295/410 
2  22.6   24   700  300/410 
  -  -              32    175  300/410 
  -  -   40   100  295/390 
3  0.76   48   150  295/380 
  -  -    56     50  290/410 
  -  -    64     50  290/410 
4  5.6                          72      50  300/435 
  -  -                             80     700  320/595 
  -  -    88  1000  300/420 
5  -  -    96    100  295/380  
  -  -   104     970  295/410  
  -  -   112    700  300/410 
6   2.3   120    400  300/370 
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 Figure 1.  Community Water Supply Sources Sampled for Fluorescence  
 
  Characterization, Upper Tennessee River Basin, USA   
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 Figure 2.  Fluorescent DOM dynamics in a natural groundwater system 
         (modified from Zech et al., 1997) 
 
 
 
 
        118 
 
 
Figure 3.  Physiography of the UTRB Study Area (from Hampson et al., 2000) 
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Figure 4.  Percent of Long-Term Average Precipitation during this Study (September 
2006 – August 2007).  The Southeastern US, and most of Tennessee in particular, 
received less than 75% of normal rainfall resulting in a designation of “extreme-to-
exceptional” drought conditions (National Oceanic and Atmospheric Administration; 
NOAA).       
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Figure 5. Tennessee Statewide Precipitation: Normal & Departure, January 1998 
– August 2007.  Top line = Normal; Positive bars = departure above normal; 
Negative bars = departure below normal (National Climatic Data Center/NOAA) 
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 Figure 6.  Typical Geologic Section Across the Valley & Ridge Province   
        (from Johnson, 2002) 
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Figure 7.  Soil Deficit Map for the 2007 Drought.  The study area ranked in the 1st 
percentile for critically low soil moisture content (NCDC, 2008).   
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Figure 8.  Single Synchronous Scan Fluorescence Maxima at Baseflow.    
The data points have been grouped and labeled in accordance with the range of 
excitation and emission wavelengths associated with typical DOM components: P1 = 
Protein-like (Tyrosine); P2 = Protein-like (Tryptophan); FA = Fulvic acid-like; HA = 
Humic acid-like; AL = Algal by-products.      
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Figure 9.  3-D Synchronous scan from Big Spring (GWUDI). 
Samples collected (left) pre-rain event, and (right) post-rain event,  
January 2007. 
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Figure 10.  3-D Synchronous scan from Hampton spring (GWUDI) 
Samples collected (left) pre-rain event, and (right) post-rain event,  
January 2007. 
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Figure 11.  3-D Synchronous scan from (left) Big spring (GWUDI) and (right) 
Hampton (non-GWUDI) spring at base flow conditions,  
September 2007.   
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Figure  12.  3-D Synchronous scan from Troutbelly spring (non-GWUDI) 
Samples collected in (left) January 2007 (post-rain event), and (right) at baseflow 
conditions in September 2007.      
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Figure 13.  3-D Synchronous scan from Cave spring (non-GWUDI) 
Samples collected in (left) March  2007, and (right) at baseflow conditions in 
September 2007.      
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  Figure 14.  3-D Synchronous scan from Hixon well (non-GWUDI). 
  Samples collected (left) March 2007, and (right) September  2007.        
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Figure 15.  3-D Synchronous scan from Elks Club well (non-GWUDI). Sample 
collected a. post- rain event, January 2007, and b. September 2007.  
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Figure 16.  3-D Synchronous scan from Railroad well (GWUDI) 
Samples collected (left) post-rain event, January 2007 and (right) September 
2007   
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Figure 17 3-D Synchronous scan from Athens No. 7 well (GWUDI) 
Samples collected (left) post-rain event in March 2007 and (right) September 
2007   
 
 
 
 
 
        133 
 
  
 
Figure 18.  Contrasts in DOM Fluorescence Emission for GWUDI and non-GWUDI 
Springs 
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Figure 19.  Contrasts in DOM Fluorescence Emission for GWUDI and non-GWUDI 
Wells 
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Figure 20.  Seasonal Fluorescence Regions for Springs (2007) 
 
 
 
Figure 21.  Seasonal Fluorescence Regions for Wells (2007) 
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Figure 22 .  Progressive Decline in UV Absorbance and Emission  
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   Figure 23.  Seasonal Variation in Fluorescent Intensity for all Sources  
    (sampled during the drought of 2006-2007).   
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 Figure 24.  Relationship between Fluorescent Intensity and Topographic Relief.   
 Winter data is in the foreground, Summer data in the background (all sources).    
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Figure 25.   Ratio between principal component eigenvalue and the sum of all 
eigenvalues.  The graph indicates that the first three principal components explain the 
majority of variability in the data.    
 
 
 
 
 
 
 
 
 
Figure 26.  Principal components of rotated PCA: all data 
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 Figure 27.  Principal components of rotated PCA: seasonal data 
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Figure 28.  Time series plot of fluorescence properties at Clear Creek Spring 
during several small rain events;  June 1 – 5, 2007.  An abrupt change in 
emission wavelength is apparent at around 80 hours, and fluorescent intensity 
fluctuates significantly within an 8-hour timeframe.  Turbidity measurements (min. 
= 0.51 ntu, max. = 2.2 ntu) are indicated by a star symbol (see Table 16).  
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APPENDIX III 
DYE DILUTION EXPERIMENTS 
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Figure III-1 .  Fluorescence Intensity of Uranine in Distilled Water (DW), Filtered Spring 
Water (FW), and Unfiltered Spring Water (UFW)     
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Figure III-2.  Dye dilutions in fulvic acid and high ionic strength spring water 
  Uranine, 1 mg/L FA, 1 mM CaCl2   
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Figure III-3 .  Inner Quenching Effects of Natural DOM on Dye Fluorescence    
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APPENDIX IV 
PRINCIPLES OF FLUORESCENCE SPECTROSCOPY  
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Principles of Fluorescence Spectroscopy  
Spectroscopy involves the bombardment of molecules with a high-energy source (such 
as a xenon beam) and the identification and measurement of fluorescence peaks at 
distinct excitation and emission wavelengths (Guilbault, 1990).  When a fluorescent 
molecule is bombarded by a quantum of light, it absorbs the energy in about 10-15 
second, as the molecule transitions to a higher electronic state (Figure 3).  Upon 
excitation, some energy is released in the form of visible light (excitation wavelength) for 
about 10-8 second.  As it returns to ground state, photons are again emitted and 
measured as fluorescent intensity at a specific emission wavelength.  In solutions, 
photons are normally re-emitted at longer emission wavelengths (lower energy and 
frequency) than those of absorption/ excitation, a phenomenon known as Stokes 
fluorescence (Guilbault, 1990; Lakowicz, 1983).    
 
The absorption and subsequent release of energy is characteristic of particular 
molecular structures.  All molecules absorb light, yet only certain species (usually rigid 
conjugated polyaromatic hydrocarbons or heterocycles) are capable of re-emitting 
absorbed light.  Each band, signifying absorption to the 1st electronic state, has a 
corresponding emission or fluorescence band.  The wider the fluorescence band, the 
more complex the compound.  The ability to use two or more characteristic spectra, in 
addition to observed fluorescent intensity, to distinguish components of a mixture is one 
of the analytical advantages of fluorescence spectroscopy (Guilbault, 1990; Lakowicz, 
1998).  
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Figure 3.  Jablonski Diagram  
  (source : web.uvic.ca/ail/techniques/epi-fluorescence.html; 2008) 
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PE LS 55B Spectrophotometer Instrument Configuration 
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GWUDI Water Supply Systems in Tennessee (source: TDEC) 
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